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The prothallial initial t#ves ri~ to a uruseriate. elongl\~' ~ germ filameilt. AU the cell divisions are

by cross walls perpendicular to the long rods of the fi~o.ment, Once the germ filament is tvvo to ten

cells long, longitudinalcell divisions 2!.1I;'einitiated. C. viridis Vat. glauco follows theAdiantum type

of prothallial deve~opment.

Under ilie culture conditions used, it was concluded that C, viridis var. glauco is an ohligate

epogamoua fern. The apogamous bud develops from two to three meristematic cells which coeur

at.the base of the apical notch. Continued development in this area gives rise to the sporophyte.

Vascular tissue, a characteristically sporophytic feature, is evident in the primary leaf at an eady

stage of development. Unlike the sporophytes produced from sexual embryos, no fo()~ region is
\-"--i.'_
~.-''::;

ever discernible and the root of the sporophyte arises o~y after a few leives are well developed.

A daddy staining tannW.'Jayer occurs at the level of the tonoplast in the cells at the interface of

sporophyte from herbivory.

the gametophte and sporophyte gc mt~. 'tbls layer may serve to protect the developing
\_c

i C. vlridis val'. glauca is an obligate {;'ogaxnous fern therefore both the sporophyte and

gametophyte have the diploid chromosome number • in this case, shtty.



This dissertation describes in detail the development of the ~~metophyte of C. v!ridisvar. glcmca

from the time of spore germination to the development oJ a sporophyte which is .able to live

independently of the gametophyte.
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BSA = bovine serum albumin

C :::: centigrade

CeCil "" calcium chloride\'1
\,\

. :: .~(N03)2,4IlzO == calcium nitrate

Co(NOa):a.6H:P == cobalt nitrate

CuS04.5HzO = copper sulphate

DMSO := dimethyl suiR~oxide

DNA == d~jf)lriboilucle~~~lid!i '1', .,/ .
::1 :;: )\"(-)

.c.~ .• s- f

BDrA ::::efuylenedinitrilotetm ~cetic acid., ~'::':,{i

EC1' A = ethylenebis( oxyethylenenitrilo )tetra acetic acid

BR :::: endoplasmic reticulum

ETOH ::: ethyl alcohol

Fe(NH.JzS04.6H20 = iron ammonium. SUlphate

FeS04.7H20 J\\iron sulphate.
;:1 \.:,

Fig/s :::: figure/s ~,',

FITC == fluorescein isothiocyanate

g = gram
\(

GA ::;; gibberrelic acid

OTA == glutaraldehyde

Het ::::::hydrochloric acid

HI04 = periodic acid

\
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IAA ::::;indolacetic acid

Kz:a~94=\'dil1otassiutn hydrogen orthophosphate
,( F '

Ii
laizP04 :#1 p~ltassium dihydrogen orthophosphate

, Ii
KN03 = ~i9t~~siwn nitrate

KQH = potassium hydroxide
:,1!,t \

kV ;::,kilovolt

M == molar

m = metre

mg == milligram

Mgqlz = magnesium chloride

MgS04.7~O = magnessiumsulphate
1..,\\>

MLS = multilayered structure

roM = millimolar

pm = micrometre

J.lMol = micromole

MnCI2:4~O == manganese chloride

WlnS04.4H20 = manganese sulphate

Mo03 = molybdenum trioxide

mRl\lA = messenger ribonucleic acid

MTSB = microtubule stabilising buffer

N :::::normal

NAA = n.l1tithylanetic acid
/p~lr

N~!i~f = sodium borate
1\
~!aCI = sodium chloride

N~ED1'A = sodium ethylenedinitrilotetraacetic acid

N~glycerophospbate = sodium glycerophosphate
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N~HP94 =: sodium phosphate,~
N~Mo04.2Hz0 := sodium molybdate

"

JI

(NH~\zS04 = ammonium sulphate

run = nanometre

,,:'oS04 "'"osmium tetroxide

p. = page

PAS ~ periodic acid - schiff

PIPES:: l,4u pipera$dia'thansulfonsaure
,', " \'

~' \
\"",-y'A 'b 1 • id JillL'u.'ln. = n onuc~elC aCl I'

\1\ t
1 . , \,rpm <:;! revo utions per mmute

TEM = transmission electron microscope
J'
/ v= volume

/-f'~
~_,:",,-:F:/ "'-~

"~ ~Y«'\'riety

, w = ~~lght

ZnS04.7H20 :::::zW1.lsulphate

% "'" percentage
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The fern gametophyte is an autotrophic. free-living entity with a definite form, pattern of

growth, structure and mode.cf reproduction (Klekowski and Lloyd, 19(8). COlllpar.ed to the.
Ji

sporophytic gen:'(;..tationthe prothallus or fern gametophyte is a relatively simple entity, still more
';':1

or less adapted to aquatic 1ifl~or to life in a moist environment, lacking vascular tissue and, !?
_,~,~~§Cialized organs and sometimes surviving for nomore than a few weeks (Nayar and

~~~;::,- - - .>

Kaur, 1971). These factors-have generaUlmade the more complex, highly ol-ganized terrestrial-,
sporophyte with vascular tissues, cuticle and stomata, the main choice of study, especially fu

more recent years (Verdoorn, 1938). The result of this is that the literature present on the

gametophyte is rather scatbred. There ere still large gaps ~ our knowledge of the development
"

\' of the gametopnyte, especially in the study of the alternative forms of reproduction which a

large number of fems" exhibit i.e. apogamy and apospory,

The rationale behind tbis study was to gain Ii comprehe1'.l"i\,e developmental sequence of the
\\

Ii

fern gametophyte, from. the time of spore germination to \iplt formation of the sporophyte. A
\' ,

fern which was known to be apogamous, Cheilanthes viridis (rohsk.) Swartz var, glauca (Si,n)

Schelpe and Anthony, was used ill this study in an attempt to answer some questions

surrounding the formation and development of the apogamous bud and sporophyte. Areas

which were studied included:

1) An investigation to establish from which cell or group of cells of the gametophyte the
Ii

apogamous bud originates,

2) To determine if there is a layer equivalent to the lipophilic layer which delineates the embryo

from the rest of the gametophyte in sexually reproducing ferns in C. viridls vat. glauco.

Should such a layer exist. then. to determine its chemical compositio~
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3) To determine the order of development ~f Q'(ganr1from the apngemous bud and to compare

these results to ferns that reproduce sexually.

\\

(]

\\
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the Pteridophyta are non-flowering spore-producing plants which show an alternation of

generations. The ferns exhibit great variety in form and diversity. Most ferns are cotlside{oo to

be shade-adapted species due to their natural habitats, which are generally restricted to shaded

forest floors or to other protected micto~nvironments (Hariri and Brangeon, 1977). The fe~

used in this study, Cheilctnthes viridis (Fonsk.) Swartz val'. glauca (Sim) Schelpe and Anthony,
'; ":'.\.~.")k"';'<',, ,

like many of the ( ,.~ofchei1anthoid ferns, grows h:J. rocKy,places - on ledges and in crevices...• .." . ,

of cliffs, on talus slopes, at the base of large rocks at in rocky ground. Cheilanthoid ferns are

especially' numerous iii) legions where such habitats are common and there is also a dry period

\\\ during part of the year. They possess anumber of morphological characteristics which enable

them. to withstand these harqQ,. relatively xeric conditions e.g, complex. leaves with many small
'\ r
\ ,I

ultimate segments, 01' a complex lamina architecture, a densely scaly, pubescent or ceraceous

lamina indument, very coriaceous leaf-tissue and abscission zones in the petiole ( Et:ancock and
" ("".

Lucas, 1973;Tryon and Tryon, 1973).

The varietal epithet glauca means "blue-green 11 and refers to the colour of the fronds. The

The distinctive characteristics of C. viridis var, glauca are as follower-

fronds teach up to thirty three centimetres in length and are held rigidly erect on long, dark

stipes which sometimes possess a few brown, hair-like scales but which are more typically

smooth, The lamina ate lanceolate to tria.ngular in outline and about twice as {"lug as broad.
\
\\

The lamina is bi- or tripinnatifid to tripirmate, at least in the basiscopically developed lowest

pinnae. C. viridis vat. g/aucabas 11 dark brown, glabrous, grooved rachis. The pinnae are up to

eight centimetres long, oblong to Ianceolate and obtuse. The ultimate segments are oblong,



/'
FUwre 1:· Diagrammatic representation" ~f Cheilanthes viridis var, glauca (adapted from

Hancock and Lucas, 1973).
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r> "\'
obtuse, glab[ous/~h the margins -being '~nti;re or SlightI)undufating in sterile members.

VeM.tiC),u,is distinct and forking. The sori are linear and /6ccur submarginally on the under

5 .o

surface of the seg$e~ts being borne on the tips of side vefus. The son. are, confluent, when

matare, missing the sinuses of,the pinnae, and are covered by membranous undulating mli'rps.
" II '

The SpO!'GiS are trilete. The rhizome is short; creeping and scaly (Jacobsen, 1983;Hancock and

Lucas, 1973) (Fig. 1).

'rt)
nris fern was formerly known as pell~~~1ridis(Forsk,) Prantl vatr1Fa1Jcasim'lliid'i~ atecent I'

. \~ . . . ,
taxonomic study was transferred to the genus Cheilanthes $w. (Anthony, 1983).

The life cycle of plants inevitably involves nnclear fusion I!fiu" at some \sequent stage,

reduction. In ferns this nuclear cycle is often associated With an alternation \(\~l::.~q dissimilar .:
~~")'S~'~~~l ,/;:~

generations, one of which, the gametophyte, contalns the haploid state of the nucleus; and tfie

other, th~ sporophyte, the diploid (BeU,1910).

The Sporophyte Genell"atiolrn.

The conspicuous part of all Pteridophyta, the sporophyte, is a rAiulticellular structure. It has a

vascular system for support and for upward and downward conduction of both water and

nutrients (Jaeobseu, 1983). The fronds are either simple or compound and are attached to the

rhizome via the stipe, 'When mature some of the fronds produce sporangia containing spores.

The sporang'ia usually develop on the abaxial sut\~ce of the frond and often form small clusters

called sori which may have It protective covering, or indusium, when young (Mickel, ,1979;

Hancock and Lucas, 1973). An incomplete ring of hardened cells round the edge of the
\\

sporangium forms the annulus, between the ends of which are Ifome thin-walled cells termed

the stomium, At the time of ripening the annulus absorbs water and straightens out. This action
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ruptures the stomium and tears the whole sporangium open with the resultant release of.~hto'l

mature spores (Bastin, 1955).

This genera~iop formed the basis o\,ihe. study.

The study of gametophyte morphology of ferns has a long history. As Jar back as 1561, Cordus

(quoted in Nayar an,<t Kaul', 1971) noted that all ferns reproduce by means of "pulviscules"

borne on the lower surface of their fronds. Subsequent to the development of the microscope

in the second half of the seventeenth century. observations on-the spores of ferns beg.!w{;-tobe

recorded. The credit for germinating the fitst fern spore goes to Morison (1699) "(quoted in

Nayar and Kaur, U)71).lfhe production of ferns by germinating the spores was achieved nearly
\\,

a century Ja:~et by Lindsay (1194) (quoted inNayar and Kaur, 1971}, Lindsay was also t~~ first
/,

to give a detailed account of sporl;! germination m a fern. The first detailed description of

prothallis!' development in a fern was given by Kaulfuss (1825) (quoted in Nayar and Kaur,
.,

1971). Sachs (1868) (quoted in Nayar and Kaur, 1971) was the first to classify the pteridophytes

according to the type of spores they possess (into homosporous and heterosporous) ~nearly all

classifications to follow used trus spore character, By the .latter half of the eighteenth century

the basic development of the fern gametophyre was well understood (Nayar and Kaur, 1971),

The gaIIl.etophytic generation. starts with the formation of spores in the '(em sporan~hltn; the

spores germinate to form prothalli, which usually' produce sex organs in which, by union of

gametes, the second generation of sporophyte is initiated (Towill, ~j985;Nayar and Kaur, 1971).

In dormant spores the protoplasmic contents are surrounded by a thin wall layer. A thick

impervious outer layer, (}Ie exospore, forms a spore coat. At the proximal pole of the spore the
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spore coat has a characteristic trilete or monolete aperture • this is the region where there is

a weakness in the spore coat (Nayar and Kaur, 1971).

In the large majority of homosporous ferns, germination is preceded by swelling of tbe conte1!ts
o .. ~

otthe spores 1;>y absorption of water (Nayar and Kaur, 1971;:Smith and Robinson. ~969;Pal and
'.!

Pal, 1963). TIle place of emergence of the young gametop~~~e from the spore is largely
. j

governed by the organization of the spore wall; the wall is'splft at the apex. of the triradiate

ridges in trilete spores and along the Jiidge representing the line of contact of the four spores
o .. 'i "

in the wedgeshaped (monole~e) spores) (Verdoorn, 1938) .
..;\. j-':'-,\! _../

An attempt to classify the, various known patterns of spore germination in homosporous ferns

II was made by Momose (ii42) (quoted in Nayar and Kaur, 1971), He described three types of
1\

spore genn.inatiou:.. ,
I'

1) Centrifugal (thallusl\~roWing in a. direction opposite to that of the primary rhizoid);

~ ~
2) Centripetal (thallus growing perpendicular to the rhizoid, and rhizoid seated on basal cell of

the thallus);"

3) TlU1i~ntial (as in Centripetal, but rhizoid seated at the region of the cross wall between the

basal cell and the cell next to it).

Nayar and Kaur (1968) (quoted in Nayar and Kaur,197~) pointed out that these interpretations"

of spore germination are incorrect in as much as they ignore th~>polarity of the germinating

spore. Nayar and Kaur (1971))£ave a detailed account of the patterns of spore germination.

classifying them on the basis of the planes of cell division (in relation to the polarity of the

spore) and directions of the primary rhi~oid and prothallus, They recognized three categories

amongst th~ihomosporous ferns (Fig.2):
\\

1) P~;tt germination> The first cell division in the germinating spore is l:Wa wall formed

1\ ,"")
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parallel to the equatoria! plane of th~,spore; elongation of the primary rhizoid and young

thallus is parallel to. '(he poInt axis of tD¢3 spore.

3) Amorphous ger.miJnation:- Occurs rarely'ii!ncl exhibits no polarity either with regard to cell

divisions Or direction of grovJth resulting in a mass or plate of cells in which a meristeIXlf!tic

cell is differentiated at a later stage in one of the peripheral marginal cells.

ANEMIA

O$MUNDA

(I
Vr/1;c.RIA

<f,LEICHfE:NIA

Figure 2:~ Schematic representation of types of spore germination in homosporous ferns

(adapted from Nayar and Kaur, 1971),
-r

il

For the fern spore td gemilimte the~ should be rut adequate supply of moisture, a suitable

temperature (20°-28°C) and pH range (PH 4~8) and availability of ligbt ofa suitable iEltell:lSity

and quality (Dyer, ~,979;Nayar and !{aUt,1971).



x,

9

The fern spore bas a solitary. usually centrally placed nucleus (Millet. 19~5) with a single.. _ \,\

nucleolus surrounded by vacuolate cytoplasm. in which are" suspended proplastiM and food

maten.'al (G·antt .andAroott, 196.5)•.Food rlo.to.es....,.'.a~.:) essential Sin-de.genn.i.rm(\on ... and ~adyII Y .,
\ ~ ~

development of the gametopbyte depend up~ri~the utilisation of endogenous food 'reserves to

supply energy and carbon skeletons needed for growth {Raghavan, 1985;Towll1, ...1985)r;,Fern.

spores probably contain a variety of reserve materisls and a complex of regulatory mechanisms

that are involved in their breakdown and utilization since no single reserve material is capable

of providing the spore with materials and energy necessary for germination add differentiation

of the gametophyte, Metabolic processes in" the fern spore are tightly controlled 1Jild' the
sequential hydrolysis((;lf storage reserves provides necessities for particular developmental and

physiological activities (DeMaggio and Sfetler, 1985).

~'=~~::;;.;?
In Onoelea Sw. and Maueuacia Sw.Iipid constituted twenty seven percent of the spore weight,

while in DryopterisAdans. appror...imately forty percent of the spore was lipid. During: imbibition

these lipids were hydrolysed and at germination the content bad decreased by twelve and a h%f

percent in Onoclea and Matteuccia and ahnost fifty percent in Dryopteris, It was generally
',\.-,.,_ .:. i

~) c' "

concluded that breakdown of lipids could provide the spore v'lith energy and materials needed

for early cell development (DeMaggio and Stetler, 1985; Cran, 1974~Nayar and Kaur, 1971).

In the d?~t spore protein granules are abundant but during imbibition and germination the

protein content decreases significantly,attaining a steady state that coincides with the emergence
~~

of the rhizoid and prothallial cell. Hydrolysis of storage proteins to peptides and ..c&nstituellt

amino acids provides the spore with the building blocks to synthesize new proteins for the

biogenesis of membranes and organelles and for the production of differentiated cells of the

gametophyte (DeMaggio and Stetler, 1985; Gantt and Arnott, 1965).
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The proplastids found in the dormant spores are simple structures consisting of a circular

profile approximately one micrometre in di!tm,eter with a few Invaginatlons of the inner

membrane of the boundary envelope ...or with a few internal tubules. At germinaticn the

".proplastids have disappeared and fully developed chloroplasts are present in the spores (Cran,
u ,)

1979).After exposure to light for a short period (i.e. germination has been initiated) starch
<'i

synthesis in the spore increases considerably - this increase is believed to ~e associa~ed w~~ the
"f

initiation of photosynthesis (Cran, 1979).

As germination progresses a distinct cytoplasmic polarity is imposed upon the ceil with the large

lipid droplets remaining in the posterior part while the anterior t6gl0n is occupied by small
(i

vacuoles and other cytoplasmic components (CrtlJl, 1979).

The rt;bleus of the dry, nonchlorophyllous fern spore is rather poorly defined and generally only -:

consists of a mass of chromatin that does not show granularity or internal structural details,

~tY;:1~fter hydrolysis of storage reserves has commenced does the nucleus.become granular and

come to resemble a normalnucleus in. its ;;ttuctur~ (Raghavan, 1985). During the early stages
, '\ .,.'

of germination the nucleus of the spore moves frod..." central location to the anterio r end where

it divides (Miller, 1985; Gantt and Arnott, 1965),

Nuclear division is followed by an unequal divisir"'~f th~_?r8!opllif!~J'!sulting in the formation
"., . t., . .:../ :") /{7<

of a large protha11i~:,:·;ell and a small rhizoidal eel]. Asymmetric~/ cell division is a critical event
. ft

in the initiation of cellular differentiation. Bunning (1958) (q~~ted in Miller, 1985) made the

generalisation that without some type of asytnmetry, no cellular differentiation could occur. The

reasoning behind this view starts with the knowledge that daughter nuclei from a mitosis are
if

genetically identical. The cytoplasmic environment of the nucleus determines which genes are

expressed and which are repressed at a given time. If the identical nuclei from a mitosis were

l ' l

~. 'l,ibuted into cells with identical cytoplasms, they would govern th~;,developmet1t of identical
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cell types. If, however, cell division were ~symmetrical in some respect, the different cytoplasmic

environments of the two nuclei could call forth the expression of different, genetic information

from each and result in cellular d~.~erentiation (Miller, 1985;Miller and Greany, 1976).This wa"

f)

clearly shown byMiller (1987) and ~iller and Greany (1976). Exposure of spores commencing

germination to two and a half percent methanol inhibited nuclear movement but permitted
l'.~(.~., •

mitcais and cell division to occur. These sF~res underwent symmetrical division into f\vo cells

of equel size neither of which differentiated into a rhizoid. Instead both cells divided and form

"twin"prothaiUi joined at the base.

The polarity of spore germination in some fern species, while not being affected by gravity, may

be oriented by the light. .stimulus (Verdoorn, 1938). Spores subjected to bright unilateral
'I

illumination showed the division wall constantly placed so that the psothallial (1ell faced towards

the light and the rhL",oidal cell away 'from it. The operative factor in eliciting this response is

believed to be the differen« ,l,n, ligbt intensity on the two sides of the spore rather than the

direction of the light rays (Gantt and Arnott, 1965;Ootaki, 19(3). The rhizoidal cell enlarges

and grows out, causing the spore wall to separate along the trilete or monolete ridge.

During the partitioning of the rhizoid and prothallial cell, virtually none of the remaining

storage protein granules are incorporated into the rhizoid cell. The rhizoid cell is rich in

) '}ytopl~mic RNA (Gantt and Amott, 1965).
i 1

Vacuolation of the rhizoid commences during rhizoid emergence and the extension of the

vacuoles as the rhizoid elongates affects the distribution of the cytoplasmic organelles, with the

greatest organelle concentration occurring at the tip and around the nucleus. Sections through

the extrem ~ tip of the rhizoid reveal several small vaeuoles.. and Goigi bodies. An area
, .\

approximately ten micrometres posterior to the tip appea.rs mote vacuolate. The endoplasmic



12

reticulum (ER) in this area is well developed and runs iJaraUel to the cell wall. Plastids are

present but Golgi bodies are. less numerous than in the anterior region (Dyer and Cran, 1976).

the cytopla.m of the region about 'sixty miorometres posterior to the tip and of ", 'eh of the

remainder of the mature rhizoid, has a coarse appearance suggestive of degeneration: The

plastids and other organelles also appear to be degenerative, their internal membranes often

the nucleus of the mature rhizoid is elliptical to spindle shaped and occupies a position about

" Khalf way along the rhizoid, having migrated from its initial basal position (Dyer and Cran, 197(1).

Mitochondria are numerous in the rhizoidal cell anr.l resemble those found in higher plants; The. "
cisternae are plateNIDe with no preferential orientation. Osmiophilic droplets may o¢Casionally

be present between the cisternae (Cran, 1979; Gantt and Arnott. 1965).

Golgi bodies are also common and appear to become very active at the commencement of

rhizoidal growth. The Golgi bodies consist of a stacks of apprcximstely five flat cisternae fcom

the edges of which vesicles are formed (Cran, 1979). The rapid extension of the rhizoid

necessitates a fast synthesis of cell wall material. Vesicles, near the wall of the rhizoid tip and

in the cytoplasm, have lite same size as tbe larger Oolgi vesicles that are in close proximity to

the Golgi stacks. These vesicles are very likely budded-off from. the Golgi bodies. Golgi vesicles <::;:.

have also been implicated inwall formation in root hair cells and in cell plate formation (Bell,

1970; Gantt and Arnott, 1965).

The cell wall of the rhizoid differs from that of the prothallial cell in that it is not composed ('

of regularly orientated micro fibrils but rather of randomly arranged' microflbrils haviflg a loose

texture (Smith, 1919). The '\rhizoid wall consists of tv/a layers. The inner one is electron
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transparent, containing, in young rhizoids, a fewvesicles and tubules. In fullyelol)gate cells a
,1\"

random array of four nanometre fibrils can be detected. Within thi$ array. dark areas up to sixty

nanometr:s i.n diameter are present against whichJhe fibrils are often appressed. /t~eouter
layer is denser and tangential sections through this layer showed it to be composed of dense

masses. separated by matrix (Dyer and f;ran, 1976).

Gametophytic rhizoids, although hav~,lgno photosynthetic capacity, have the main functions of,

(r I

One Dhmmsioll]8))llPiro¢halliial Devc:~~pment.
Ii

The prothallus of the bomosporou~\ ferns follows a definite pattern of uevelopme~l leading <:

ultimately to the characteristic aduleifvrnl. Spore germination result'} in. a umseriate, elongated

gerril. filament composed otcblorop~ynous cells and hearing one or more rhizoids at the basal

end. All cell divisions ate by cross wJJls perpendicular' to the long axis of the filament (Miller,
t,

\). . . \,'1

1980; Nayar and !Caut, 1971; Davis, 1$169;Whittier, 1965).

Growth patterns in. plants are usually cl~3ified into two categories, tip growth and overall

growth (growth)tfiroughotlt the whole celli: ''rip growth is mainly found in linearly-growing cells
','

'!. \ . 1/such as pollen tubes, root hairs, fern and reoss protonemal cells and fungal hyphae, while,

overall growth is typified by the cells of higher 1')lants(Doonan and Duckett, 1988; Murata et

al,1987).

The basic growth pattern of the protonema of polypodiaceous ferns is tip/apical grow~h; by

elongation MId cell division whbh usually only 'ti1.k(Jsplace in the apical cell. These two

processes give rise to straight protonema consisting of linearly arranged cells. (Ito, 1969). The
e' 'I_\ (:-

growth zone is limited to between zero and twenty micrometres from the tip. the same region

which shows phototropic and polertropic responses. Both apical growth and the tropic responses
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U
ere l.telieved to be under the control of phywCru-Olnlill which appeers to bs located in the pimstrLf\

meml!irone, and 3 Glue light~obs()rbing pigment (lFtuuya. 1985; WI;l,Wland Staebelm~ 19tH)
i_\.

(discussed later), Since e!ongaaiou does noa OCCUIi' in the dc!ugbt~r cell bosal to the division plane,

ilia cell length of this cell is a't~ by the position where ceil division occurs in the parent llpicill

o

\'
~,

cell (ito. 1969; Ootaki, 1963).

Apical growth implies the loea] formation of cellulose or oilier fibriJlar ~NClllconstituents and Iocal
c

exccytosis of secretory }lictyosome vesicles by which,~ectin8 Modother matrbr. subswncl;\S nll'El

mcotpDmted into the wall (rl(~Oi'11Uland Duc!cett, 1938;, Sl'h""Il'(L,

\\
\~

II
/f
I,,

In the proili$lUinlceil the ~lI1tmily located nucleus is cJ0o/ ('OJ, fUiTo~n~fd by, r 'lmerous lipid
'<.' 'I!' ,( . ' ' ) -_,

bodies, chloroplasts, seme mitochondria. small vesicles an<ts¢~~(efci~,Gol~i bodies (Wada and
··s\\" ,.".. .

O'Brien, 1975). Closely atlsccie.te<iwit:b the lipid bodies are nll.ules ()(tbe En, some of which

are continuous with the nuclear membrane (Gantt and Amott. 1965) •

.The nucleus is of III fine aronut&r consistency, usually possessing one spherical nucleolus. The

apical pole of the nucleus ruway~shows some fyr~ of invagination. The iII1vtiginationcontains
!/ ~ ..\ "

microtubules or nricrotubule.like~truc1:utes. Occasionally these microtubules have been traced

through serial sections and bave;/been. sboyvn t~'penetrate ten to fifteen micrometres into ·the
,,,' ,

apical cytoplasm from tbe tip of the nucleus, These microtubules are. believed to playa role in

both the movemellt of the nu~leus as well as the maintenance of the spindle shape of the nucleus

(WiUdaand O'Brien, 1915).

Mitochondria and Golg] bodies fire located rather uniformly thtougbout the prothsllial ceil but
-'.'

are nt.:i as numerous as inahe rhl~roid.The m&trilt surrQunding the organelles consists
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occur at the basal end of the prothallial cell (Oeutt and Mx(ttt. 196.$)... I' . P
,} II

membrsne mad tbe photosynthetic lamellae are of varied lengtM, eith~tsmgle or ~ggll.'eg(ll(rdinto
,- I,

,(

grana, Stmrch grains within the chloroplmst are numerous (Gantt and Amott, 1965). ~
if

A1thou~h the chloroplasts vary in size according to the stage ofdivislon and the ll!i>e of the cell,

t\'VO types of chloroplasts have been di~tinJ$Uisl:Jedby their sh~pe. The tip of th~prothiillial cell

is rich in cigar-shaped chloroplauit,~,-whichgive the impression that they mElYbe ailchoJted by one

em! within athin, moderately electron-dense region of the ground sUbsmhce thnt'lies close to

the cell membrane. Mitochondria often lie ill stMh close proximity to the one end of the

chloroplast tbat they also give the impression of being attached ~dthe plastJ~;ptfv~lcp~?ythe
iJ (( .. /

1\"... .... . _,j __/

(,jtopl~;mic ground substance, The other chloroplasts are smaller and ro'l1nu'tfl~f.S:iifu, 1979;

Waaa and O'Brien, 1915).

All the cells of the germ tube are interconnected by plasmodesmata. The plasmodesmatal canal

is lined by a tllembrane which is continuous with the plasma membrane (Cran, 1979).

'<\

The cell wall of the protonemata contain eight nanometre thick, ~mlY orientated fibrils. In

IIIrapidly growing pro!Dnem.am the Psface of the plasma memb!aIle contains both randomly

distributed part~cles ~d d~stin~t particle ros~ttes.· 'Th~ rosettes consi~t of six eight to nine)... l
nanometre .particles m a ring-like configuration and have an outer diameter of l.Wenty~fou_/

nanometres, They closely resemble the particle rosettes seen on the p-ft;ce of the IIlasnut

membranes of green algae and higher plants, which have been implicated in the synthesis of

cellulose fibrils. As would he expected with the' polar synthesis of cellulose, within the twenty .

micrometre region from the tip of the protonemata, the region of maximal cell wall growth.



16

and e~wansion and thus cellulose-fibril synthesis, the greatest density of rssettes iscobserved

i!t>Adiamum L. They are abnost"lacking in the more basal parts of the cell"(Schnepf. 1s>86;

Wada and Staehelin, 1981).

be for reducing the loss of water vapour from th.e surface of the gametophytes. The rhizoid
/r~ j)
/,Y ..... i}s~~ to lac!~pi> type of coat (Wada and Staehelin, 1981).

, ,,(

'I,)

'the exp~ion of the cells of the germ filament at ninety to one hundred and twenty de~r~$
"

to the rhizoid axis is believed to..reflect ~ oytbplasmfc gradient inherited from the' spore

mother cell (Dyer and King, 1979).

The presence of apical dominance and therefore p()iarity in grovv'th in ferns was ..shown by

Ootaki and Furuya (1969) in Pteris vittata L. 0n the removal of the original apidi cell a

bran~ .was produced by ~t least one of the remaining cells in aU of the treated proronemata,
//

~4~spective of how many basal cells were cut off togethe;~with the apical one. Whenever the

apical cell was preserved, it continued normal growth and there was no branching in any of

the basal cells attached to it. This behaviour W£15 the same as in ,~he intact protonenmta))which

continued normal apical growth without branching from basal cells.

When the bas~ cells regained the ability to grow and divide after surgical removal of the

original apical cell. several physiological and morphological changes occurred in these cells.

/i
II.



17

One of the earliest visible changes was the increase in volume ot(~e nucleus and nucleolus.

The size and shape of ili~ chloroplasts was also observed to ~hange during the re-

establishment of apical dominance (OorJd and Furuya, 19(9).

:'\
There exist two alternative hypotheses concerning the \\possible mechanism of apical

dominance, namely that the meristem either attracts all substances needed for its

development from the basal cells or that it produces an inhibitor which stops the growth of

th~ basal cells. It is uncertain which of these hypotheses operates but it can be concluded that

the presen~e or absence of the original. apical cell is the most important factor in cOl1troilJg G

the apical dominance during the axial development of Pteris L. protonemata (Ootaki and

Furuya, 1969).

lliterrelated with t~pgrowtlr, cell organelles are polady distributed and in some cases even

have different structures in different areas of the cell. Perhaps the tno~t striking polar
I'll;;-:1

structure in cells with tip growth is the clear cap or tip body. It consists mainly of an apical
(_i

accumulation of exocytotic Golgi vesicles, together with ER elements. Dictyosomes, ER,

mitochondrili and sometimes lipid bodies each represent the subapical zone, whereas plasticls,

if present, follow more basally. The proximal part of a tip growing cell is usually occupied

by a vacuole (Schnepf, 1986).

'l\'he Rol~ of MiClrl{)¢1!li1GunKe§in the Poilu' OrgrunnZ!lltion of the OrgmneUes and! in the MaintenMce

ofShmpe.

The cylindrical morphology of the apical cell, the constant mtlintenance of this shape throughout

division cycles. the position of the nucleus and the asymmetric distribution of organelles such
I)

as chloroplasts and the establishment of polarity during spate germination are f-undamental

features of tip~growittg organisms and are reflected in the distribution of microtubules in the

apical cell (Doonan and Duckett, 1988; Doonan et al, 1985).
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Microtubules are probably common ito most, if not all eukacyotic organisms for they exhibit

similarities of' function. and structure (i.e, the microtubules have an outer diameter of twenty
q

four nanometres, an inner diameter of fifteen nanemetres and each microtubule consists of

thirteen subunits (Doonan et al , 1983 (quoted inDoonan fld Duckett; 1988») which transcend

phylogenetic barriers (Mizuno et al, 1985; Powell et at, 1980).

Microtubules participate as morphogenetic tools in two basic processe!k-1?x which the plants
,.' '"
\'.~' \\ i

develop their characteristic forms; (a) 'prodnction of new cells in specific sites lind with specific
., .' (I

initial shapes by partitioning of parent cells, and (b) further shaping of the progeny during their

expansion and differentiation.

In respect of point (a) microtubules are present in the ',mitotic spindle, whet'~ they develop in

the absence of centrioles. Immediately before the division cycle they are deposited as a
'~\ _-

transitory \}:freprophase band which in its positioning predicts the site' and plane of further

cytokinesis. At telophase Mother microtubular system contributes to the organizati~ of the

pbragmoplast, which contains the new partitioning wall or cell plate (Wick et ai, 1.981).

In respect of point (b), there are many instances of congruence between the oriell)l.tion of

microtubules in the cell during interphase and the orientation. of currentlydeposited .mictofibrils
\./
df cell wall material, For instance in. various unicellular and m\l\~icellu12r plants cortical

micro tubules in the cell are 1 known to be arranged parallel to the orientation of newly deposited

cellulose microfibrils and perpen~icular to the direction of cell expansion (Sakaguchi et al,
II

1988). 'The inference is thai; the cell exerts geometrical control over the expansion by setting up

specifically orientated microtubule arrangements, These cy(oplasmic "tracks':' (microtubules)

guide the movement of the cellulose synthesizing complexes along the plasli)1\ membrane,

thereby regulating the mechanical properties (Wick et al, 1981) and in tum; the yielding

behaviour of the wall against turgor pressure during growth. Random microfibril orientation is

, \
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associated. with a, mechanically isotropic wall and possession of this arrangement leads to the

growth of spherical cells (Miller and Stephani, 1971).

The maintenance of a filamentous one-dimensional protonema therefore probably requires a

predominantly transverse orientation of microfibrils:' Irradiation with red or far-red light is

believed to impose a stricter transverse orientation of cell wall microfibrils and therefore

strengthens the wall against lateral expansion, producing filaments with narrow diameters

(St~tler and Demaggio, 1972; Miller and Stephani, 1971).
,\,

Until recently the only available method for studying the various categories of microtubular

arrays Was electron micrOSCOP}'Immunofluorescence methods, whereby the principal elements

of the cytoskeleton, not to mention their associated components, can be investigated in whole '

cells in three dimensions, would he an ideal alternative to el~tron microscopy.

Immunofluorescence studies ,pf plants have lagged far behind those on animals because of

technical difficulties inherent in dealing with walled cells i.e, the cell wall. ma.de'\~,.p=~9fa

polysaccharide and' protein complex with 11 pore size of three to five nanometres, impedes

antibody penetration. Reports of successful application of immunofluorescence to plan~.

microtubules are therefore confined to a few where the cell wall presents no such 'barrier

(Doonan and Duckett, 1988; Powell et al, 1980) e.,g. naked gametes, protoplasts derived from
I)

alga4: moss protonemata and higher plant cells grown in suspension culture (Wiele et al, 1981).

With the development of a range of procedures for making plant materials permeable to

antibodies, while at the same time preserving the integrity of th~ cell contents, such as the use

of non-ionic detergents, specially buffered'fixatives and a variety of wall degrading enzymes; it

is hoped that immunofluorescence microscopy willbe of more use (Doonan and Duckett. 1988).
, "

The polar distribution of vesicles, Golgi bodies and cell expansion found by Schmier.U:l and

Schnepf (1980) (quoted in Doonan and Duckett, 1988) in the apical dome
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protonemata u, '!. ~dicativ~,of a direct;\onal transport system .. Such a characteristic distri);lUtion

of the organelles points to the exi~teMe ofscaffold force-generating systems that are capable

of ime,pating cellular ()rganisat~~n. However, electron microscopy has failed" to" reveal a

cytoskeletal system within the apical domes .of a variety of tip-growing ceil§. Thus the possible

\'o}e of microtubules in tip-gro'lI\!~ has remained It vexed question, although it is well

documentel:i that microtubule perturbing agents cause dramatic growth abnormalities (\in,

protonemata (Doonan. and Duckett, 1988).

,;.

However. the. use of microtubule stabilising buffers during fixation combined with indirect '

.immun.ofluorescence (Doonan et at, 1985) clearly demonstrates the presence of microtubules

within the apical dome of Physoomitrella L. caulonematta. The same techniq~y has also revealed

microtubules extending to the tips of root hairs, pollen tubes and fungal 'hyphae (Doonan and

Duckett, 1988).

'I

A study performed byMura~ et al (1987) using immunofluorescence .microscopy distinguished

two populations of microtubules within the cortical cytoplasm of Adiantum capillus veneris L.

protonemal cells growing under red light. The one set wapaligned parallel to the long axis of
~. ~

the cell, the other set circumfereatially around the cell at the region of the dome except for the
.'

extreme apex - none are closet than five micrometres from the tip of the apical dome (Wada

et al, 1990; Stockwell and Miller, 1974; Stetler and DeMaggio, 1972). A circular array ~f

microtubules suggested by Wada and O'Brien (1975) from thin electron microscope sections

correspond to these immunofluorescent observations. Stockwell and Mill~r (1974) found the

microtubules to be orientated in an axial direction in the cylindrical part of the protonemata

of Dryopterisfillx-mas (L) Schott. which were kept filamentous under red light. whereas it was

random in plarts produced under blue light ..\
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J
Stetler and Demaggio (1912) found that in filamentous PI1s grown under red light the

orientation of microtubules was not uniform throughout the apical cell. Fifteen micro metres

21

from the apex the microtubules were randomly orientated (this region of the cell has the

potential for elongation, and growth). but teh to fifteen micrometres from the tip the

microtubule arrangement Was longitudinal or axial and no random orientation was observed

below twenty micrometres from the tip (Stetler and DeMaggio, 1972). The cylindrical shape

of the cell could therefore be maintained by a decreased gradient of synthesis and. plasticity of ..
'\
;\ )

the wall and au increased resistance to turgor pressure behind the tip region. Where no

expansion occurs in the filament, axially orientated iiiicrotubuies were found.

,.The orientation of microtubules in the bulbous apical cell of gametophytes from blue l~ht

differs from that noted in filaments of plants grown in red light i.e. the arrangement of.;:c.,

, microtub)ll,~ is random' throughout the apical cell and apical swelling occurs. These results
'--- 2.:_-:::::::.;_'"::

suggest that the newly-synthesized cell wall which has a random arrangement" of microfibrils

•expands more transversely than does the cell wall which has a transverse arrangement of

microfibrils (Wada ez al, 1990; Stetler and DeMaggicf; 1972).

This pattern of microtubule arrangement has also been found in other tip growing organisms.

For example, immunofluorescence microscopy has sbown that the moss, caulonemata contain
''::.:.

micro tubules that run in a more or less axial direction. They un1)~late tbri\' "'l:t.&utthe cytoplasm,
...~ ) \.

forming a three dimensional meshwork. that envelops tl;.dD.~c1~~~,~'1-" \ds. In the moss,

however, the micro tubules invariably fill the apical d6m~ of caUIOnell1ata\~.nning, <1'. focus at or
'.>\

near the apf'1i:of the dome (Doonan et al, 1985).
(.) -<:,:'

The finding of the circular array of niicrotubules in protonemal, cells lead to the hypothesis that

the mechanism of regulation of cell diameter and the resulting growth direction of this tip
n

cgx'\lwing cell may be similar to that in overall growth as seen in higher plant cells. The Cil'ihlar. \
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cytoskeletal {structure may control. the diameter of Ole cylindrical cell through; the orientated

deposition or microfibrils that is regulated by the circular microtubules (Wada et al, 1990), and

cO(~)lquently the direction of cell growth (perpendicular to the long axis) may be determiaed

by the physical restriction of microfibrils. 'the location of this structure at the basal part of the

apical dome 'IS consistent with this hypothesis because the growth activity in fern prctonemal

cells is restricted to the apical hemisphere of the apex,

\;,

Microtubules in the rhizoid cell were found to run pa~~Ilel with the long axis in all parts of the

cell, consistent with the electron microscope observations made by Dyer and Cran (1976) of

Dryopterts Adans, rhizoids. This absence of a circular array of nncrotubules in the apical dome

of the rhizoid wall indicates thai the.above mentioned hypothesis cannot be applied to the

rhizoid. The involvement-of an alternative mechanism to keep the cell diameter constant and

to maintain the tip growth in the rhizoid cell. is required. The concept of the existence of

different mechanisms in the regulation of tip growth is supported by the different actions of
r·

anti-micror=balin drugs on the ti.p growing cells. Colchicine treatments induce spherical

expansion of apices in fern protonemal cells, however, rhizoids are unaffected by such drugs

fl ~
,! (Dyer and Cran, 1976).

Although the images may be very striking, the shortcoming of immunofluorescence techniques

should not be overlooked. Preparative procedures for visualizing the cytoskeleton are extremely

destructive and may thus provide misleading information, Ideally, [he Immunological probes,
ct

which allow visualisation of specific cytoskeletal components by optical microscopy, should also

be used in conjunction with gold labelling to extend the observations to the electron microscope

level. The latter option ill particularly inviting since fixation protocols are now available that

preserve both antigenicity and the more labile cytoskeletal domains not previously seen in

electr-a micrographs.



23

o
Physiological differences between rhizoid and protonemal cells becorse apparent at

I·i~)

(/
approximately the time that elongation of the rhizoid begins, When fully developed, rhizoids and

protonemal eells differ :in wall structure and staining properties, permeability,' uptake of vital~ '. .,
~_ a

stains. osmotic equivalent, b$havI't:\m· on plasrnolysis and distribution of p~psphatases.

Most Ol'!v~pusly, the protonemal cells are photosynthetic whereas the rhizoids afe non-

photosynthetic cells which must obtain their energy SOUrceand their metabolites required for
"

synthellis of new cell components 'from the protonema .(Smith,1979).

"
As already mentioned the rhizoid wall is composed of randomly arran~) microfibrils while

thoseofthe protonemsl cells,form orientated arrays. Besid~ these differences in structure, the

rhizold and protonemal cell walls have different staining properties. Rhizoid walls stain pprple

with toluidine blue but the thallus cell wall shows no reaction 1'lnless}he 6olIs.are ilam:lged. It

has been suggested (Crotty, 1967 (quoted in Smit\1979») that the stai:nii:\gof the rhizoid wan:

is due to free negative groups of the wall, <If.tdthat in the thallus cell wall such groupa lire(' ..
abse~t p'l" ,l-jioclced in some way. J

,~::t. ., '\
,I~:",\"\,, \~

vJ;ifying this, Smith (1979) showed that the r~~oid wall of Polyp odium vutgareL. contains two
/~ \1

/ ~
types. of components which stain with toluidine 6hl6, one staining metachromatically (purple),

\~

the other staining orthochromatically (blue). Rhizoid walls contain '1 high cOl1('''ntration of free
'J

negative groups and evidence suggests that these are carboxyl groups. In the protonema, apart

from Some free carboxyl, groups in the. pectin fraction of the wall of tbe basal cell, the carboxy)
" 'i

,groups of th~walls are esterified '.fUldstain ,\~ithtoluidine blue only after saponification.

-, '\\ "
Because of the presen&\~ it of free C\bOXYl gtoups):he rhizoid waU-'exhibits cation exchlIDge

\\

properties. It may, tberefore~\be suppos~d that it will selectively bind cations, so malting them,.
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available in high concentrations near the plasma membrane for uptake into I, the rhizoid (Smith,

1979).

An abrupt cbange in the plane of cell division usually occurs when the genu filament becomes

two t, ten cells long ~at this point interstitial divisions are initiated (Dyer and King, 1979).

There are basically seven types of prothallial development in homosporous ferns i.e, the
I . .//

. . '//
O$munda~type. Maratti(14ype.-jaiantum-type, Drynaria-type,CeratGPteris~type,Kat4linia·typeand

l/?!

.f
Aspidium-type.

In the Adiantumntype development the terminal cell of the germ filament divides by a wall

oblique to the long rods of the filament, and this is followed by another divisi~h by a wall at

right angles to it. Thus, ,.a transverse row of three daughter cells is formed, of which the widdIs

. one is wedge-shaped IW.d acts as a meristematic cell (Fig 3: 8-10). All cell divisions in the

meristematic cell are by walls parallel to the oblique walls, each being perpendicular to the one

preceding it. The daughter cells expand and by repeated transverse au. iIongitudinal divisions,

form an expanded one-cell-thick obovate prothallial plate (Fig 3: 13).The apical cell remains for

some time, but is eventually replaced 'by a group 9f.initial cells (Whittier, 1965). The apex of

L~,thethallus at the region of the meristematic cell becomes notched and later cordate (Fig 3.-

13,14).A midrib is formed by cells behind the meristem in the median plane of the thallus, and

a symmetrical cordate prothallus results with a median midryJ.l and semicircular lateral wings

(Fig 3/ 17). The sex organs and rhizoids are usually restri(~rod
• !I

\\
surface (Nayar and Kaur,1971). ))

. . .~

,;
/1

to the. midrib on its ventral

The Drynaria-type of development differs froml)the Adiantum-type in that the establishment of
'v. i J

an apical meristematic cell is markr'" ~"~j'ed. A broad spatulate p:~tbaUial plate is formed
'.. j

(Fig 3: 11,18,19)by division of the !1terlbr cells of the germ filament. A meristematic cell is
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formed in one of the anterior marginal cells'v, 1hl~prothallial plate. when it is five to ten cells

broad (Fig 3: 20). Further growth is as in the Ad{antum~type and results in a cordate' thallus

(Nayar and Kaur, 1971).!n the [(tiulinia-typea protleillial plate develops as in the DrynaC!'ia~cype,

but with this type (Fig $: 26) the cells of the entire anterior region of the thallus become

rneristematic. the thallus is ribbon-shaped (Fig 3: 27)',with its anterior end smoothly rounded

(not notched). Branches may develop (Nayar and Kaur, 1971). The early stages of the
v

Ceratoptlf!risat.ypeof development are also similar to the Drynaria-type, and a broad prothallial

plate is formed. No menstel.1ll\.tic cell is differentiated, but meristeJ::riaticactivity gl-adually

becomes restricted to a group of marginal cells on one side of the plate, away from the apical

region (Fig 3: 21). This lateral meristematic region differentiates into a pluricellular meristem

and forms a notch (Fig 3: 22,23). A midrib is formed behind the meristem, The young thllllus

is thus cordate but asymmetrical with one wing larger than the other (Fig 3: 24) (Nayar and

Kaur, 1971).

In the Osmunda-type of development, characteristic of the Osmundaceae; a plate of four C~US

is formed (Fig 3: 1,2). By repeated divisions in all the four cells and expansion of daughter cells,

a nearly circular broad prothallial plate is formed (Fig 3: 3). A meristepmtic cell is established

in a marginal cell towards.the middle of tht},;group (Fig 3: 4). The meristematic cell grows faster
\

than the others, and the thallus becomes asymmetrical (Fig 3: 5). The young thallus becomes

notched at the meristematic region, and develops into a symmetrically cordate structure as in

the AdiantlJm~type (Nayar and t~~ur, 19n). As in the Osmunda.type, the MarrJttia-type of
\\

development results in a symmetridal cordate adult prothallus, 1'Pis type of development is

restricted to ferns in which spore germination is of the amorphous-type (Fig 3: 6, i') (Nayar and

Kaur, 1971).

I)

The Aspidimn-type differs from all others. The terminal cell of the germ filament produces a

• unicellular papillate hair I~rovvn.ing1ft and becomes languid (Fig 3: 29). taking little part in
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h91:p.<;isporousferns. Th~ arrows indicate successive stages' in each type of ptoth~mal
.;.:

development as follows! numbe~ 1.2.3,4.5, 15,'lS., t7-0smunda-typei nu.Wb~;s 6,7. 15,16;

17·Marattra~typa;numbets 8,9: 10 (or 8, n, 12),13,14,15,16, 17-r1diantum-typej numbers 8, .

11, 18, 19,20, 15. 16, I1-Dryllaria-type;numbers 8, 11.18. 19,21,22,23, 24 ..CeratQpteri.Hypaj

numbers 8, ,\\1. 18,19,25,26, 27-Ka14f.inia-typej numbers 28,29,30, :H. (or 28,29,32,35 or 28,
,.\

33,34,35 or ~\, 33, 36), 37,38,39, 40.Aspidium-type (adapted from Nayar and Kam', 1971).

o
\\
\1
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development. A broad plate with one side broader than the other forms behind the languorous

anterior region. A meristematic celfis differentiated in one of the marginal cells on the more

d.panded side of the plate (Fig 3: 37). Marginal unicellular hairs are produced continually.

Devel~~_mellt of the thallus after the establishment of a meristematic cell is as in the Adiantum ..
;;'} ':f?~(,

type (Fi/S: 38,39), The young prothalli are lopsided, but 'as the thalli grow, the asy1retry is

lost and the adult thallus is symmetrically cordate (Fig 3: 40) (Nayar and Kaur, 1971).

Variations on this type of prothallial developdlent are described by Nayar and Kaur (1971).
{)

Two main hypotheses have been proposed to account for the transition from the filamentous

prothallial phase to the two dimensional phase of growth. The first hypothesis has been stated,

most fully by DeMaggio and Raghaven (1973) (quoted in Srnith,1979). The transition is

considered to he. an obligate photomorphogenesis, Le, filamentous growth only changes to two \ "

dimensional growth in the light, with blue light being most effective in eliciting the ta;ansition

(Dzvis, 1968).lHue tight is believed to activate a set of genes which produce roRt\TAcoding for

proteins necessary for two dimensional growth (MiHer, 1980; Bopp,1967j Steeves et at, 1955).

In the second hypothesis the primacy factor controlling the transition is held to be the balance

between cell division and cell elongation (Smith. 1979; Sobota and Partanen, 1966), A low rate

of division permits tlae cells to' elongate, and divisions are orientated to produce ~ septate

filament. Increasing the rate of division is thought to decrease the potential for cell

elongation.and division in two or mote planes is promoted. The hypothesis states that the

transition will occur when the dividiug cell is wider than i~is long sinGe the plane of minimal

area, in which the new cell wall will form, will be longitudinal (Stetler and DeMagg~d; 1972;

Sobota and Partanen, 1\966). A variety of factors could be implicated in controlling this pattern
, \

of development\' and there ,:tt considerable evidence that chemical substances which promote cell

elongation or inbib~t cell division will prevent two dimensional growth and enhance filament
':

formation, (Miller. 1980; Stetler and DeMaggio, 1972; Steeves et al, 1955).
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Miller and Stephani (1971) have proposed that certain wavelellgt~ of light mediate ,cban~\i.n
',-,I \\

the orientation of cytoplasmic microtubules which, in tum, are responsible for changes in the
o

orientation of cellulose micro fibrils of the cell wall. They suggest that these changes in the

patterns of cellulose deposition are ultimately responsible for the form of the fern gametophytes

produced under various light conditions.

The attractiVel1CllSof the latter hypothesis is that it focuses on the cell 'WaUas its primary site

for changes lea,~ing to the development qf different cell forms. However, none of these

hypotheses are i~deq!.1ateto explain how the transition is controlled in a constant environment

in which all factors are' favourable from before spore germination (Smith, 1919).

(j

Although developmental changes in the protonema have received scant attention, sufficient
(I '21 i)

information is available to indicate that even Under constant c()l1dit~)ns changes occur which
ij

may be preliminary steps leading to the two dimensional transition (Smith, 1979).

Hotja and Oswa (1958) described an increase in the relative protein c~mtent associated with the

transition to two dimensional development inDryopter;serythrosoraSim. (Davis; 196.8iBell and
,)

Zafer, 19(1). This increase is predominantly associated with the chloroplasts (Bopp, 1967). It

is probable that photomorphogenetic light reactions can determine into which metabolic

pathways the primary products of photosynthesis are channelled, A photoreactive system which

depends on blue light apparently directs, this flowbf metabolites primarily in the direction of
c

protein synthesis. With the aid of this channel many more products of photosynthesis can be I;)

used fov)proteiu synthesis in blue than. in red light (Mohr, 1961-64).

o . ~
Hotta(1960) (quol~d in Smith, 1979) reported a. marked increase in RNA and protein per unit

dry weight and pet plant at the time of the transition to two dimensional growth" It is'possible
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that the transition requires the synthesis of a new species of RNA and protein which should and

is detected as qualitative differences between filamentous and two dimensional plants.

Once matur~ the heart-shaped gametophytes produge sex organs.

(I
'\)

,-)

The antheridia. are the first sex organs tv develop On fern gametophytes, appearing. three to four

weeks after gennination lli Cerapteris thallctroides Sim, They are generally formed on the basal

portion of the chordate prothallus and often arise from superficial cells along the margin

"(DeMaggio, 1977; Pal and Pal, 1963). The cells of the lower epidermis which give rise to the··

antheridia in the Filicineae are first distinguishable from the other epidermal cells by their

denser cytoplasm and slightly smaller chloroplasts. As the cells round up and divide to form the

Y(t~g antheridium, there is a gradual absorption of starch, the chloroplasts decrease in size,

becoming spindle-shaped. The cells of the antheridium coril:ain a spat"~ cytoplasm. small green
, P

~l~tids and vacuoles full of phenolic compoUf(dS (Verdoorn, 1938).

\""

The beginning of antheridial development is noted by the protrusion of a superficial cell which

(li'llides periclinally separating a hen\'ispherical antheridial initial from .the ~asat cell. The

antheridial initial subsequently divides anticlinally several times before another periclinal division .\
G .

produces a primary spermatogenous cell. At an early stage thfs cell is surrounded by sterile

tissue, which, through continued divisions, forms the antheridium, The primary spermatogenous

cell divides tit a regular fashion and soon a mass of cells with large, distinct nuclei is formed

within the antheridium, As the spenp cells continue to develop the nuc1~i begin to flatten and

the protoplasmic material in the cells begins to conde~se (Sheffield and Bell, 1981; DeMaggio

1977)
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The induction of anthe~3dium formation in fern prothalli is controlled by endogenously formed

inductive substances, known. as antheridogens, The antheridogen has been chemically

characterised .and found to be structurally related to gibberellin (Takeno and Furuya, 1980;Naf,

1969; Bopp, 19(7). The mechanism. of their action is however not yet well understood.

The spermatogenous Hcellspossess a large centrally located nucleus with a prominent nucleolus
1i

and a very dense c~itoplasm. containing vesicle~; and organelles. During differentiation and

maturation of tpe spermatocytes the biephal:'oj!l~st is produced. This structure ultimately gives
i

rise to the flagellar apparatus. The blepharoplast consists of tubular structures 01' cylinders.

Microtubules radiate from it in all directions and appear to terminate close to its perimeter

(DeMaggio, 1977).

The mature spermatozoids are symmetrical cells roughly five micrometres long by five

micrometres wide, bound by a plasma membrane AAlq. having the form of II. sinistrally coiled

helix. The spermatozoid consists principally of the. multilayered structure (MLS ~derived from

the blepharoplsst), mitochondria, nucleus and a ribbon of aligtled micrctubules running the

length of the gamete. The flagella occupy the anterior portion of the cell. It is generally believed

that the shape of the helical gamete is maintained by the backbone 'or microtubular ribbon

which acts as an elastic cytoskeleton (Walker, 1985; Demaggio, 1977).

De'Velopm(ln¢ of archegOllllna.

In nature the archegonia usually arise on the shaded or lower surface of the prothallus behind

the apical notch or meristematic region of the heart-shaped gametophyte, They develop from

superficial cells whi-Jh, because of their dense cytoplasm, can be identified as archegonial initials.

The initial cell first produces a row of thres cells from which the archegonium and its contents

will be derived. DUling development the outer walt divides and ultimately produces the

protruding neck of the archegonium (Sheffield and Bell, 1987). The innermost cell divides next,
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..producing. derivatives which form the basal cells of the jacket or venter. Finally, the central or

primary cell in the row of three produces the neck canal celQhe ventral canal cell and the ...egg.

Growth of the primary cell is considered to be the first significant event in oogenesis

(DeMaggio, 1977).

The primary cell when fitst formed is box-like in appearance but as differentiation progresses

it enlarges often to five times its original size. The young cell possesses a large nucleus with
(;

irregularly shaped nucleoli and sn organelle-rich cytoplasm containing .numeroUS ribosomes and');

polysomes (Bell, 1970). As the cell enlarges many changes take place in. the cytoplasm. Plastids t

begin to differentiate and grana and starch are lost. The cytoplasm becomes very dense and the

large vacuoles disappear. Their disappearance is accompanied by the appearance of a large

number of small vesicles, the origin of which is unkh9,W!l (DeMaggio, 1977;Bel1 and

Miihlethaler, 1964).

As the ~.el1continues to enlarge most of the cytoplasm remains at the base of the archegonial

cell. Subsequent division of the primary cell produces two cells Ot unequal size ~ It small neck
_ it .,

canal cell and a larger central cell. The neck canal cell is situated towards the archegonial neck

and has only a small 'amount itof cytoplasm while the central cell inherits much of the
\!

cytoplasmic mass of the primary '~ell.The central cell undergoes an unequal division producing

a highly cytoplasmic .,egg., occupying the base of the archegonium, and next to it in the

archegonial neck, the ventral canal. There is a continuity of cytoplasm from the primary.cell to "".
<.;'

the central cell.end eventually. to the egg (DeMaggio,1977).

9Fce formed. the egg undergoes a series of significant ~}tl~egical and biochemical changes M

it matures. Initial observations of the structural changes which take place during egg maturation
C)

/', '
_If/!

depicted the degeneration orplastids and mitochondria and the evagination of the'nucleus into

the cytoplasm (DeMaggio, 1977).
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The mature egg of Pteridium aquilinum (L.) Kuhn is surrounded by an acetolysis-resistant

membrane, The strong affuti;ly of the egg membrane for Sudan. bla~kB and the necesst.v~-f()i'
"<'-.-"."-~" I,

benzpyrene staining to render it fluorescent,' led Cave and Bell (1974) to con<~lude that it

consists predo.nmantly of lipid, possibly in the polymerised form.

The egg membrane of Pteridium Seop, appears coincidentally with the discharge of vesicles

from the cytoplasm and since these vesicles ate b~lievel.Ho arise from the autophagy of at least

some of the mitochondria and plastids an. efflux. of lipid materials to the surf.?ce of the egg is

no] unei(i~.zted, and could provid~ tli~ Jrli:Utsors of the oSnllophilic membrane.
l r'

The obliteration of plasmodesmata which were present during early stages of oogenesis seems

to further isolate the" egg from neighbouring ceUs. Therefore, despite the fact that the young c

embryo is in intimate physical contact with the gametophyte during this peri.od, results of

e;{peclthents S\\ggest. that there may be au incomplete metabolic utUon between the two
.' (I

<-~ genemtions i.f.l.3utox,;adiography showed that radioactive eIpJno acids fed to the gametophyte

conceatrate at the be llldacy of ilie embryo ,lVithlittle or no radioactivity heing found in the

embryo. On general principles o(penneability, it would be expected that other molecules of.
"

similar or larger size would also fail to Cross this boundary. There is a strong possibi~ity,

therefore, that the sporophytic embryo draws only on "simpler=molecules from the gametophyte

and that the sporophyte has a metabolic; autonomy ab initio (Bell, 1961).

This osmiophilic layer is therefore thought to provide an effective barrier to the entry of

complex metabolites into the egg d~rlng the final stages of it!> differentiation and conversely the

layer might also reduce {he tendency of metaboftte~. to 'diffuse out of .the z:r,gote and young

embryo (DeMaggio; 1977;.Cave ~g..:~~~'1974; Bell and Milhlethaler, 1962; Bell. 1961). ((

U '
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As 'maturation proceeds. the ventral canal cell, situated adjaceJil~1to the egg, clege~etates and
1/,''(. II

the neck canal cell also breaks down. These events occur.;,:$~the time when a considerable
~ ~

mcrease of cytoplasmic DNA can be measured in the egg (Sheffi~ld and Bell, 1987).

-»

t,

1?ehlscence of asItiieridia generally Occurs in ferns, only minutes after the gametophytes have

been in contact with the water. Water entering the antheridia raises the internal pressures and
'.'1

causes the antheridial walls ttl swell. A short time later the, opercular cells open '(Nayar and

Kaur, 1971). Discharge of the coil~spenn follows quickly, In the Polypodiaceae the male

gametes are discharged from the anthe~dium coiled wiilii~a membrane an~j!!e.J:;perxnatozoids_. . :;-.",:,

bt';come active only as this mucilaginous idieatb surrounding them is Jiissolved and they begin
\. 'i

a rapid rotary motion. Swimming spenn, , appear to be attracted to the archegonia by the
fJ',:. ..

mucilaginous protoplasmic matenali\ released during archegOnia! opening.

Ordinarily j within one hour after coming into contact with water, mature archegonia begin to
\,

open. Movement of globules in the neck canal and the swelling of the terminal cell indieate that

the archegonium is about to open. Shortly thereafter, a small amount of mucilaginous material

is exuded between the neck 1,::''131 cells of the apical tier, The hole at t~e tip of the archegonial

neck enlarges as the neck cells begin to separate (,.d once this hole is, large enough, ,Jhe bulk

of the mucilaginous ~terial fro~ the neck canal discharges forcefully. Once the neck canal

contents have been eliminated the terminal cells of the neck begin to part in an orderly fashion

with the rows of neck cells reflexing toward the gametophyte surface (Whittier and Peterson,

1980; DeMaggio, 1977). The expelled material, remnants of the neck and ventral canal cells,

usually remains in the vicmJtyorthe opened archegonia but does not obstruct the passage to
!/. ;'.. :1

iIIthe egg. II
# \~,l '

-7/.!
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Some attention has been given to the idelltification of the substances that diffuse from the

archegonia during dehiscence and are responsible for the chemotactic response of ferns. It has

',I been shown that C4 acids, especially malic acid and its salts, have the ability ~gattract sperm

of many ferns. This substance, or some related compound, is considered to be excreted by cells "

of the axial rOW establishing a, gradient toward which the sperm swim (DeMaggio, 1977).

The actual mechanism by wbich}he sperm penetrates' the egg is still in question. Penetration

is attributed to the helical motion of the sperm which is dit~Uy controlled by the flexing

movement of the microtubule band (Sheffield and Bell.,J9~7). Egg penetration is, therefore, a

purely physical process (Sheffield and Bell, 1987; Millet. 1985; Myles et al, 1978).
/'.
I' "

d
The sperm entering the neck of tlt:.. archegonlum are elong~~eu and do not retain their

characteristic helical form. Accompanying the change in shape, the sperm shows signs of

disorganisation. Nuclei and flagella appear disrupted and the chromatin condenses along one

side into a dense rod (Myles et al, 1978; DeMaggio, 1977). The microtubule band is observed

to separate from the nucleus. No cilia are observed attached to the spermatozoid, but in'tne

cytoplasm on the side toward the archegonium neck are found definite hair-like structures. One

is inclined to interpret them as cilia thrown off as the spermatozoid makes its way toward tbe

egg.

Entrance of the sperm also causes physical disruption of the cytoplasm I.'~'l~ithis is thought to

be responsible for rapid structural changes ill the egg. Since no special fertilization membrane

is found to block entrance of additi(,r ..al sperm into the egg cytoplasm, prevention ~.~polyspermy

is attributed to changes taking place in the egg cytoplasm after sperm entry (DeM:lggio, 1977).

At the time when the spermatozoid is found touching the egg nucleus, the cytoplasm at the base

of the eeg appeared conspicuously vacuolate. After penetration, the spermatozoid nucleus
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undergoes a slow process of expansion (in the nucleus of the egg. u?t~l \~he tw~ constituents
\~~,/

become indistinguishable (Verdoom. 1935).

Once fertilization has been completed the young embryo becomes .turgid and fills the

archegoniate venter;' At this time, the cytoplasm is unevenly distributed and the embryo appears

highly vacuolate. During the next f~w days the cytoplasmic contents become more evenly

distribt'ted, the embryo increases in size and the jacket cells or caiyptri enclosing the egg begins

periclinal division (Sheffield and Bell, 1987; DeMaggio, 1917).

\'.

The first organ to be clearly distinguished is the foot. The footl~rves 'as a haustorium and is

considered to be the absorbing organ for the young embryo and its cells often intrude between

cells of the parent gametophyte (Verdoorn, 1938). In cultured Lycopodium appres~'i?mL, the

foot celts and contiguous gametophytic cells develop extensive wall ingrowths, and they are
,

;;'i
considered to be transfer cells. Transfer cells in the foot' of young sporophytes and in adjacent,

gametophytic cells have numerous mitochondria, plastids with variable amounts of starch and

elongated, narrow wall ingri)wths forming a labyrinthine wall-membrane apparatus. Transfer

cells in older interfaces have thickened wall ingrowths, few nrlt9tchondria, plastids witp.
"

numerous plastoglobuli and little starch and a large central vacuole. Plasmodesmata do not

.",
develop between cells of sporophyte and gametophyte generations and these are, therefore,

isolated symplastically during all stages of sporophyte development (Peterson and Whittier,

1991).

While the foot is in the process of forming the leaf initials appear in 2 position lateral and distal

to the foot. Stem and root initials are formed within one. to two days after the differentiation
,'\ -: ',.)

of leaf initials. As the shoot develops procambial tissue differentiates acropetally into it. About

thirty days after fertilization the root begins to break through the calyptra and approximately
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two da~) Illiter the priil!.!lry leaf strmgnrerasMd grows over the prostrate n:llll'Ofu~tl1.!S. The yoJig

!ljfl()roPh~te i~\now prepared to he1iin M inde~endent existence (Sb~tfield end Be~, 1937;
i..'

DeMaggio, i(77).
Cl

1\ pi
The free-living, relatively large, sporophyte \'~lwrncteristic /'"f. pterid~phy,tes was generally (>

considered t(I have been mode possible by 00. evolution of adeqllEl¢e tissues for the upward aad

I./:

downward conduction of materials. All pteridophytes have two general tyres of conducting ~issues.

ilie xylem and the phloem. The chief function of the former is, ilie upward copduction"of water 1Q '
Umt on,the latter is the upward and downward CQndllcti~!nof foods. Togetl:if?r ~~ey constitute the "

chief elements in the vascular system of the sporophyte. The traeheid is the fundamental element
, ,:./

ofilie xylem and is matured from a single embryonic cell. An embryonic cell destined to mature
,

into a.tracheid elongates greatly and deposits additiQnal wall materisl upon limited ponipll!S of the

inner face of the cell wall. Sooner or tater there is a disappearance of the cytoplasm and nucleus]

A mature tracheid, therefore, is an elongated dead ceil consisting of only a cell wall. The

additional wall material is deposited in transverse rings; .: they arv therefore referred to <1$ annular

tracheids, Tracheids nmtulti)~in regiOQ&t,oTthe stem, {oat or leaf that are still elong~ting. The

phloem of pteridophytes is composed I)f sieve tubes and phloem parenchyma (Smith, 19:38).
il '

Because sporophytic growth can be obtained di.r('!~t!y from gametophytes without gametic fus~on,

&d fully functional gametophyte S, from<']Jorophytes without reduction of chromosome number or

of the amount of DNA m-tbe nuclei it has been suggested that the environments inwhich the spore

t:uitial cell of the gametophyte generationj.and the zygote (iffitial cell of'the sporophyte generation) l:

begin to develop ate so different that quite different sets or number of genes ~re activated in each

cell, with striking morphogenetic consequences. If this were true, a spore placed in the sitaetlon

of a zygote ttrlght be expected to yield a ~orophyte, and a zygote, removed from tile archegonium
, "

and germinated as a spore, a gmiletophyte (Beil)! 1970).
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Bell and Jaya$ekera (1959) (quoted in Bell, 1970) cultured isolated archegonia containing

fertilized eggs and found in every instance that the zygote yielded a normal sporcphyte, The

amount of gametophytic tissue surrounding the zygote was so little that the presence of the

gametophyte was not considered essential for the zygote to develop into 11 sporophyte.
o .~

(j \)

DeMaggio and Wetmore (19tH) were able to extract very YOI~)-·'jemh.ryosfrom archegonla of

Todea WU1d.Using suitably enriched medla they found that, whereas old embryos produced

normal sporophytes, the young embryos could only produce prothalloid outgrowths which

resembled gamf.'ltophytic rather than. sporophytic tissue, DeMaggio and Wetmore (19tH)

concl~ded that the cause of this reversion to the gametophytic morphology was the removal of

the young embryo from an especially complex. nutritive environment provided by othe \\

archegonium. this view, though plausible, seems less credible when eXtln.W.l,edin detail, e.g,
'1/there are doubts whether complex molecules Gao. in fact pass from gametophyte to sporophyte

due to the presence of th~ osmiephillc membrane which surrounds the mature eggs of ferns

(see p. 32).

If the ehvironment of the nmture archegonium is not responsible for the properties of the

zygote, two other possibilities are open. One is that tbe activation of the geneS' responsible for

sporophytic growth is a consequence of fertilization; and the other that the activation 0<1~urs
~I 1'1

I:b~fore fertilization, most probably during the differentiation of the female gamete (Bell, 1970).
- 1:/

In the tern:" the entire spermatozoid enteis the egg, The nucleus of the spermatozoid

immediately penetrates the. female nucleus. but the motile apparatus (the flagella, basal bodies

and fibrils) and mitochondria remain in the cyt.oplusm and is believed to be digested away.

VVhatover its fate, the cytoplasm ~ontribufhl by the $petmat()zoir~ is trifling in quantity \~d

specialized in function. The nuclei of sprmnatozoids consist of strands of DNA closely packed

in longitudinal aHgrur,.ent.It is cOnCei\'lAbl~,but unproven, tbat the nucleus 'Of the spermatozoid
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truces particula» "histones or other chromosomal proteins, able to reorientate the activities of

the genes, into the female nucleus (Bell, 1970).

))
if

GENETICS OF THE SEXUALLY PJePRODUCl1NG FE:RNS.

Whllst the history of flowering plant cytology extends back to the last century that of the fems

may be said to st<'ltt in 1950 with the publication ofManwn's hook "Problems of Cytology and
(; :~, ,~

Evolution in the Pteridophyta ''','Pdd} to this date orily a few sporadic chromosome counts were
,)

reliable, the whole toplq having been inhibited by the high chromosome numbers encountered

and the diffict,mes of obtaining preparations of suffi9ient quality to ensure complete accuracy

(\Valker, 1919),
', (;

In general, fern ch.tottl()somes do not show morphological detail with the clarity that is visible

in flowering plants and even the exact position of the centromere in some cases may not be

absol~~telyclear,
J\()

'The sporangium of lep~'ospotru1gi!lte ferns follows It precise and regular ontogeny; the
,','

sporangium is initiated frotn !.ll single inithd cell, and Bftel' the sporangium is well developed, a

single archesporial cell develops and undergoes mitosis to form. two cells, thence another mitosis

and four cells, another mit~sis and eight cells. and a final fuitosill resulting in six~n spore

moth~r cells. When these spore mother cell ul!lo':lrgomeiosis sixtyfour spores result which have

lnrlf th\~chromosome. number of the sporophyte (IOekowski, 1919).

Oue of tbe most obvious characteristics of the chromosomes of ferns is the high number

involved aml Klekowsld (1973) (quoted in. Walker, 1979) c'l.'li:mlut,:d tha~ the mean gametic

number of homosporous pteridophytes was about fifty mur, St:ch higb numbers originate from.

two s')urces, nll.melyIIhigh initial base number and superl1,\lposed polyploidy. The bp.sec numbers

range from twenty two to sixty nine in all but a handful of ferns (Walker, 1979).
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The higb base number is assumed to have been derived from lower Giles in the past by a

process .iliat Chiarugi (1960) (quoted inWalker, 1979) termed paleopolyploidy .. au ancient

multiplication of un "ancestral" base number. The inference that low numbers did Once exist

receives support from two sources .. the perslstence of low numbers in certain groups anc! from

karyological. studies. The low numbers occur conn:nomy in heterosporous pteridophytes, for

example Sellaginella P. Beauv, has n = ',8,9 ar;,d 10; Isoetes L. has n = 10 and 11 and. the

heterosporous aquatic. SaMn.ia natans.Desv;\has ri == 9. Low numbers are also known in a few",
((

homosporous ferns, such as Hymeflophyllum 'peluuum (Pair.) Desv. with n == 11 and H.

tUi~brigense(L.)J. E. &m. n =: 13 (Walker 1979).

Evidence has also come from karyotype analysis by ~e Japanese school. Tatuno and Kawakami

(1969) (quoted in Walker 1979) suggested that the chromosomes of Asplenium L. and

Caraptosorus L. could be grouped int.o six tYPJt' eich of'whioh could b~ divided trite two groups.

From this they deduced that the ancestral base number of these geneI'\\ is twelve. Similarly for

OsmUfuia L. and. Plenasium L. of the OSll1undacea~ with present da}f n =: 22, Tatuno and
I" ." ,.
It '\

Yashiua" (1966' 1967)(quoted. inWaUter, 1979) col(cluded that presen,.t~c.\.aynumbers wore in
'..:<~'::_7':::::

reality tetraploids on n :;:<: 11. This latter conclusion has been supported lD' Klekowski (1970)

(quoted in Walke!', 1979) who states that the genetics of Osmunda indicates\duplicated loci. ~

all these cases the supposed. ancestral numbers gave rise to present day :~ase numbers b11

."

straight polyploidy. '"'"

In addition to high base numbers, polyploidy is one of the outstanding featUres of ferns,

occurring at a conservative estimate in fifty to sixtypercent of all the cytotypes, However, Whilst

there is an overall high incidence of polyploidy it demonstrates few obvious rules til that it is

not uniformly distributed among the various genera ~d families, not is it especially a
"'-..<'-,---- '-"--\

characteristic of more primitive or more advanced groups, i~rl~fhabitat, etc. Thus it is
~ ~ ~

common ~ Marattlaceaea, Ophioglossaceae and H,roenophyllaceae;) whilst apparently being
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totally absent in Osmundaceae and Cyatheaceae and of only spora4iC oect.urence in

. 1 . . d 01 . heni In' 11 '1· h "'" 'U f~{. 1 1 Id .D1C cscnraceae an eic emaceae.· vtrtua y III .. <it er laWl, esc.o~y size po yp 01 Y IS
~~=

frequent. Again, it appears to matter Uttle whether the base; number is high or low as regards

C__~:th~incidence of polyploidy. For example, at the lower end of the scale all the members of

Osmundacea6' (n =I 22) ate diploid in the wild and the same is true towards the other ed1 of

the s~ale with CY,:ltheaSmith on a. base numbelwf sh~iynine.An extreme case is Ophiog!osSum

L. in which, despite a presumed base number of about one hundred and twenty, num?1:ous
Q

polyploids are known up to apprmtillll1tely the decaploid level. Many of the !~tger genera show
(.;_;: "

differences inboth the percentage of polyploidy and the levels reached. The genera PtetisL. and

Adiantum L. have similar t(lt2t~percentages of polyploidy but only approximately three percent

of the species are at a higher level than tetraploid in Pteris, whilst the figure has risen to

fourteea percent in 1diantum.

I)

;; Polyploid production in the ferns has been observed in a number of well documented cases,

primarily in the genus Asplenium L. Wagner and vvm~mire (1957) (quoted in Walker, 1919)

reported that a wild 4rploid hybrid, A. x ebenoides (A. platyphyllum (L.) Oakes x A.

rhizophyllum Hieron.), with; complete failure of meiotic \'pairing, spontaneously gave rise in

cultivation to a tetraploid plant which paired its chromosomes and produced crops of fully viable

spores. The diploid A. viride L. hybridizes with both dipll')id subspecies cf A. trichomanes L.,
,

,giving rise to A. x protoadultertnum when crossed with subsp, A. trichomanes and A. it

adulterillifonne with subsp. lnexpectans, Both hybrids show seventy two univa 1 .,'5 at mein&is and

both can give rise t~-'~~rtile tetra~loid progeny by chromosome doubling (Walker, 19'79).

I

Close examination of the Asplenium hybrids shewed th~t nlthough some sporangia contained

abortive material. others .contained a variable number of well filleJ. spores or an admixture of

viable and abortive spores. QUring meiosis, cells at metaphase I are abundant, whilst Httla

evidence was found of later stages. The evidence is ...that meiosis frequently aborts after
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prolonged metaphase 1"~ is followed by restitution of the nucleus, effectively circumventing a
,::;,

reduction in chromosome number and producing diploid instead of haploid spores (WaUt;er,

That chromosome <wublinS during sporogenesis is a relatively common occurrence=is further

attested to by the ano®lous result§ that are sometimes obtained hy workers synthesizing

hybrids. t number of hybrids have been produced which are morphologically "correct" but

which hJ}e an enhanced chromosome number over that expected from 'the parentage. Thus
},

occasionally a tetraploid, hybrid will be produced from ~ tetrapioid x diploid cross instead of the

expected triploid, The probable explanation is that the diploid has produced a few diplOid

spores which have genniaared to give rise to diplo~d prothalli and gametes. Fertilization has

shen" occurred involving gametes from the "new" diploid prothalli and those of the normal

diploid prothalli of the tetraploid species, This has been recorded inDryopteris Adans, Pteris and

in Phyllitis Hill. (WaUcetJ 1979).

In most instances polyploidy 1n.V\ 's hybridization followed by chromosome doubling,
\ l

(llirorposome doubling is normally th,,·~econd stage in, the production of a new polyploid bu\t

tfi~!e Wi1\y be a considerable time lug between hybridization and polyploid establishment, TM
---> A

most ~~nspicuous genetic feature of homosporous pteridophytes is that they produce
'II
\.

homotbabic protb~.u;, which can bear both male and female sex organS at the same time and

may become completely homozygous by a single. act of selfsfertilization. A single spore that has

successfully doubled It,) chromosome. l'lumber is potentially capable of germination and
.

producing a l,rothallus which can, oy self-fertlliztion, give rise tl':l a polyploid sporophyte, i.e, a

single act, This aspect will be dealt with in more detail later. A heterosporous plant .0:'1 the

other hand must have a comblrllltion of relatively rare events occunting together for il polyploid

to be establlshed, There must be at least two separate acts of creation occurring more or less

simultaneously.i.e, romosome doubling in the formation of the megaspore ami also of the
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iniGrospore. Furthermore, since separate male and femal~\ gametophytes are produced there iii
'i

\\
no possibility of self-fertilization and the polyploid egg ce~ must be fertilized by a polyploid

i.l

spermatozoid from another gametophyte, Again, the chanc\~s are that the polyploid egg cell
\\
\"

would be fertilized by the much cornm~he¥' normal spermato~?id rather than by the relatively

rare polyploid sperm. In brief, the heterosporous plant in orJ;rt to establish polyploidy must
i\

meet very rigorous conditions both' in time and in space, where\,s the homosporous plant has
\

to fulfil much less demanding conditions. Hence the much great~:r incidence of polyploidy in

homosporou~ ferns 1l1igbt be expected a priori,

As already mentioned, homosporous ferns have sporangia whichform spores having the capadty

to give rise to gametophytes that are exosporic and hermaphroditic i.e. forming antheridia. and

arche;J,;'nia on the same gametophyte, The nlaxi:&.";;;;:':inbreeding thp,t is possible in such Iii

system is the fusion of egt and spermatozoid which have originated from the same gametophyte

and, since this gam!;1tophyte is the prRduct of mitotic. divisions of a spore genotype, all the

gametes produced by this gametophyte have the same genotype. Thus the union of two gam~tes

produced by the sanie ggmet()phyte results in a zygote that is completely homozygous.

Therefore, homosporous femo have tbe capacity to form fully homozygous zygotes in one

generation 8fselfing, This Iife cycle characterises the majorit.y of extant ferns (Klekowski, 1979).

Because of the complexities which are possible itt fertl reproductive biology, very specifi~,:/·'/k
j :'~~",:irJ

terminology hat; been derived to describe the various levels of crossing 'and selfing that are
(j

possible in these organisms. Selfing can be defined as the fusion of gametophytes derived from

the same parental sporophyte, but due to the possibility of [C;pning hermaphrcditic

gametophytes two levels of selfing are possible, i.e. the fusion of gametes produced by the same

gametophyte and the fusion of gametes produced b~ sib gametophytes, The probability of a

genotype being homozygous for a given gene where selting is a result of the fusion of gametes
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formed. sib gametophytes is half whereas the probability that a gene locus is 'ho~~zygous

where the gameteS (i)rig~(ate ft'pnl the SlUnegametophyte is one (Klekowski, 1979).
1\
'jl '"J ,

An. additional point is th" 1<Yl>"",, resulting from the ~on of 11,_"" "",,",g from' tho
jI ,

same gametopn.yte is homozygous at every gene l~\cuswhet/jas the p.~obabi1it.yof a completely

homozygous zygote occurring where the .~ametes come from sib gametophytes in (lh)n where

.,0 1:::1

n is the number of hetero~~~ous loci in the parental SP0rQl;hyte genotype. The following
\'

terminology is used to describe the genetics of th~':$eorganisp)s:-

1) lntragametophytic selfu1g ~ the fusion of sperm and egg from the same gametophyte.

Normally this results in a completely homozygous zygote~
/:/

2) Intergametophytic selflng - the fusion of sperm and egg from different gatriet6'phytes with

both. gametophytes being sibS i,e, originating from the same parental sporophyte. This is

analogous to the self fertilization of a seed plant.

3)'lntergarnetopl:iytic crossing - the fusion of sperm and eg~!from different gametophytes with

each gametophyte originating from i! different p~rental sporophyte, ~s is analogous to

cross-fertilization of a seed plant.

4) lntergametophytic mating - the fusion of sperm at'~ egg fzom different gametophytes with
) i ). r ,

(\ the ongin. of'the gametophytes not specified (Klek~;wski,191~).

Although the life cycle described is the most common one. fOI' ferns, it is not the only one in

existence, Some ferns have abandoned sexual reproduction, completmg their life cycles by the

production of'ij,ores wi.~)out a reduction in Ch;offiosome h'um1oer (diplospory) and by prothnlli u

which produce sporophytes without gametic fusion (apogamy)" ~. the whole process being

repetitive and obligate (Walker, 1985; Whittier. 19(5).:
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The term apogamy was proposed by DeBary in 1878, (quoted, in Steil, 1951) following Farlow's

discovery (1874) that in Pteris cretica L.. under artificial culture, t~~ snorophyte is developed

from the gametophyte with the suppression of the sexual act (Dyer and King, 1979; Steil, 1951;

c-
Steil. 1939; Yamanouchi, 1908).

o

The natural occurrence of apogamy has been described for many species of fern and occurs in

most fern families (Whlte, 1979; Wjhittier end Steeves, 1966). D~ Barry (1818) carried out an

extensive study on a number of feds in the Polypodiaceae; in which he described a.pogamy In'

Aspidium filix-ma« cristptttm L. and 'A. Jalcatuin L. Sadebeclc in the folIow\ng year reported

apogamy in Todea ajricana Wille, and' later apogamy was found in Osmunda regalis L •• and

Ceratopteris A. Brongn. (Lietgeb, 1885); Todea rtvularis Wil!ld., T. pellucida Willd. (Stange,

L887); Doodya c~udata L. ~\s!~~e.1887); Trichomanes alatum v. d. Bosch (Bower, 1888)j
'~~

,~,.- I

,selaginellarnpestrisSprell1ger '(Lyon, 1904); Trichomanes kra~\,iWilld.,Pellaeaflavens (WilId.)
;1'

Hook., P. nivea (WilId.) Hook., P. tenera (Willd}HPok., 1N1rlzolaena ecklaniana ,funze, N.

sinuasa Kunze, N. marlothli Hieron., Gymnogram~e fariniferl:: Desv, (Weronin, 1907) and in

many others (Yaxnanoochi,190S). '" \

i

\: I) I
The origins of apogamdus species are still a matter for conj, ture, The cytological.evidence

'I
strongly suggests 4 hybrid origin e.g, out of a total of one hundlted and twenty fiveapogamous

species in the floras of New Zealand, Jamaica, Britain, Ceylon,' ,~rth America, Malaya and

Japan no less than eighty nine are triplo'~ (WaUcer,19'79).

An analysis of agamosporous species, make it clear that several different and essentially
,',

independent genetical factors have been brought together inorder to produce a working system.

.. factors affecting both sporophyms and gametophytes, It seems likely that the factors have been

assembled piecemeal by l'ep~tt'd, hybridizations between difftlrent genotypes, having different
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i
I
I
I
I
I

, I

components of the system. Once ~~sembled, the entire system is inherited as a unit and in every
I

cross made between a plant of th~!Dopp-Maoton type (to be discussed later) and sexual species,
I· .~

!
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the offspring are apomictic (Walker. 1979),

Development of the APogamoU~ §poropklyte.
I

Apogamy in the Pteridophyta r~of two kinds, obligate and facultative.
!

j
I
I

Obligate apogamy describes i~e kind or cycle in which the sporophyte is produced regularly

\
O);,Ugate apogamy

from the gametophyte withoq~ sexual fusion, The life cycle of the obligatorily apogamous ferns

is almost identical to that of ~~eir sexual relatives. InDryopterisbomei Kuntze, for example, the
I

young gattl.etophy~es produc~j antheridia lind the spermatozoids are capable of fertilizing the

eggs of related sexual specietl, Archegonia, if they are produced, do not function ~ this has been

attributed to" "poor develuPl~ellttl or "necrosis" of the egg cells. In the place of archegonia, a Ii
I" If

second meristem arises wit~ the somatic cells of the gametophyte located behind the apical I!

meristem and yields a spol!ophyte dir~tly (El Dosouky et al, 1990; sh~ffie14and Bell, 1987J'
(I

Bell, 1979; White, 1979). 'pellaea atropurpurea (Sw.) Link is another apogamous "fern whose
,

! p

unreduced gametophytes ido not make functional archegonia or eggs but do make functional,

antheridia or sperm (El l~ousky et al, 1990).

No specific cell of the gfunetophyte shows a change before the apogamous development or tl:ie
sporophyte, which migftt correspond to the differentiation of the egg. However, once l.J:mtu~!ty

is reached, mitoses tal~eplace in rapid succession in the vicinity of the sinus (notch). Mit(lsis

continues and cell plates are laid do;yvnparallel or oblique to the surface of the prothallium, the

ultimate result bew!! the initiation of a thick cushion region (Verdoom, 1938; Yamancuchi,

1908). A three-sided apical cell develops or a group of distinctly marked, embryonic .cells

appears in this cushion regio» from which the sporophyte arises (Bopp, 1967l 'Whittier. 1962;
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Duncan, 1941). In some fern species such as Heilanthes tomentasa and H. alabamensis, this

"embryonic" region appears a small tan region behind the apical notch. The colour change

is believed td:;result from a modification of chloroplasts in the meristematic cells of this region

(Whittier. ·1965)\1 In some instances, when the apogamous sporophyte is about to make its

appearance, ?- small project1on is produced in the apical notch of the prothalliJ,ftlll.

Usually the first evidence of apogamy is the appearance of glandular hairs such as are common "

OB typical embryos and young leaves. The hairs appear on the elevated region of the-prcthallua

which differentiates early from the ~st of the prothallus and which consists of cells resembling

meristematic t~~~ue.From this a leaf unfolds, and later the s~)m initial and other leaves and
" ..'

roots appear (Lawt<»)l, 1936).

Shoot and leaf apical organization occur early with the roots arising endogenously at a later

stage (White, 1919}i.e. the apogamous sporophyte lacks primary roots ~adventitious roots arise

from the side of the stem.

I
,( . .. (i

The ~pogamot\s nature of the buds and spordphytes is demonstrated by the direct' ~'tpnection
., ' 'I {'

of !:bib sporophytic tis~ and the absence ad: foot-like region (White, 1979; Vllbittjer, 1976).
- It

"In Yamanoucm's (1908) description of the origin of the embryo in Nephrodlum (Drj'opteris)
\\

molle Bak. the embryo was belieYr...dto originate from a single haploid bell on the ventral side

of the prothallium a short distance back from the apical notch, The initial cell was distinguished

by its larger size, larger nucleus and denser contents (Steil, 1951; Duncan, 1941). In the

apogamous ferns investit,,'f9.tedby Duncan (1943) (quoted inSteil, 1951), the origin of the embryo

could not be traced to a single cell, but rather to a, number qf cells of the gametophyte.
(_\
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According to Duncan (194'3) (quoted inSteil, 1951), no eviden~~ 1"\the apogamous embryo can

\ . -c ..,/ \\

he observed until the prothallium posterior to the apical nqtch consists of four layers of cells.

IThe upper two layers remain distinctly gaxnetophytic and therefore are not involved in the
!I

formation of the embryo. From the other two layers the whole embryo develops with the apical

cell of the stem being produced from: the fourth layer ~ a segment of this apical cell functions

as the apical cell of the leaf. In the third layer th.\), apieal cell of the toot is differentiated (S~ei1t

1951).

So far as they have been investigated,' the meristem which gives rise to the apogamous ferns is

at an times in normal continuity. with the surrounding gametophytic tissue. There is also no

evidence that these cells are isolated from the gametophyte by any kind of boundaty resembling

that around the egg and zygote, nor that their cytology is in aliy w_aydifferent from. that of

normal meristematic cells (Bell, 1979). The initiation of sporophytic outgrowths dOGSnot involve

necrosis of adjacent ptothallial cells (Sheffield and Bell, 1987).

All the indications are, therefore, that the spore itself possesses the capacity of ultimately
n

producing a sporophyte and no further transformations ate necessary. The [.!transition from
,!\I
1'\

gametophyte to sporophyte cannot, however, be a consequence of the untedU+~\chromosome
,Ii '\

number (relative to the parent) since 'in sexual species stable gametophytfC· It.iorphology is

compatible with diploid nUellei. Hence, the conclusion seems inescapable tbat I'Ih~lever endows
i! ' q

the spo~e with the capacity to produce a sporophyte is independent of the num~ler of sets of
II
'Ichromosomes and is likely to be cytoplasmic (Bell,1919). II
"

The apogamous outgrowths are believed to originate in one of three ways:-
"

1) by the continUed growth and division of jacket cells of abnormal antheridia whose interior

cells do not form antherozoids;
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'., . . . ," . /., ..... <"''', .... ",' ,

2) by the continued growth and 'Ziivisionof the basal cells and superficial cells about the venters
Ii .

of the archegonia; and ,7 If
S) by the elongation outward and the subsequent division ~.~ the ~ppe,

1\ ~\))

\gametophyte,

s~~ace of the
!)

Apogamous .,outgrowths .produc¥l by methods one and two abort early in development (Steil,
1"'1
t,

1939). Therefore onlr:}he last named produces mature apog~fous sporophytes.
'~

The shoot ".. ical meristem of the apogamous sporophyte 1s covered ~Wa number .(If leaf bases

and the young leaf-primordia are enclosed by stipules or l~f sheaths of the next older leaves.
~ .' ~

Leaves on apogamous and sexually produced spo;&phytes ~resimilal~ with long, thin petioles

and blades that constitute only a small fraction of the leaf length. However, the blade of the

first leaf from the apogamous sporophyte is three-lobed hlStead of showing the two-lobed

condition ty~)ical of sexually produced sporophytes (Whittier':'r 1!f76; Duncan, 1941):

II
Ii .'" '

The conversr~n).r gametophyte - to sporophyte in npoga~~ou~ferns is associated with.an

exponential Increase.in proteins (Bopp,1967).

Faemmti'ge apogmny.

Induced. or facultative apogamy is the developmen1i of apogamcus sporophytes fro~

gametophytes which have functional sex organs and xlormally give rise to' sporophytes by
"

Ii·
syngamy under other circumstances (Whittier and Steeyes, 1960; Duniim, 1941). Facultative

apogamy can be induced in a number of ways, u£dallY i'lvolving manipu~~tion of IJhe
. IJ

environment (Whittier, 1962).

II. y

Depriving gametcphytes of water (thus preventing the opening of the archegonia an~~release

of the speraiatozclds) is often e~f~tive (Sheffield and Bell, 1987; Walker, 115; Steil; 1951;

,I ~

:_1~
Duncan, 1941).
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Hi~"~)levels of illumination promote apogamy ~~, high concentrations of gIUCose,!sucrose.

fructose and maltose Jed to ~. increased fieqU~!.Yof apogamous o~tgrowtbs (El br. apd
Whittier, 1975). For example, in the fern Pter( m aquillnum (L.) Kuhn, which 11~ sexual

i .' . .....' I
prothalli, apoglUn0/~ sporophytes can be ind~{ed by gluco~,:.,:twO:i~f1d a half rrcent is

maximally effective) 01' other sugars added to fbi medium (Bl.· \967). 'I'llis tends t Iindicate
\'=fuat,~\lighnutriitonal status favours ~pogal.l1o\ls [I lUlletophytic ~;~~~ (Loyal ari4 eno i;ra,.1911.

1-, - ,.-,. - - l' 1~ I
Munroe and Sussex, 19q8jWllittier, 1964; BrisJ w, 1962). 1'1

i :
, 'I

The way in Which a high concentration p.f-s~ at iii. the nutrient medium causes ltbailoid. r-. I .

g~metophyte .to .give rise <1irectly to a vascular! porophyte has been investigated. 0 ~ possible

'~plan~~ion might be that the induced apogaJ y is in some way a response to the (inCreased
~-- I t

I \

o~motfu pressure presented by the higher con~ ntratioa of glucose in the medium { )ittier and
J J

Steeves, 1960)~ Thi~View is. supported by ti e observation that the addition' of ,~nit()ll a

nutritionally\ \~rtsu.bsttJiili~'for Ptol1idium sJ p. gamelophytes, can partially rePlac~11t~t, sugar
-. i II .

ne<>..AOOfor the induction of apogamy, MariMtol increases the osmotic concentrag\~)11of the

riutrlen' medium withou'in"""";"8 tho ...J~\'\)Y state ~.r, 197$). II 'Ii
it·, r- • (( i
1.\ .'~ t
I I.I, t\' I

Pp .altemative hYF::>thesisto explain the rOll\ of sugar in the 'fucl~bn of apoga\ r is that it

functions as a respiratory :,,"~b.l)(rate; thl1>reb~lincrea:;wg the enetgyavailable to t ~ organism
. '\. I' I

.. .. I'" 1
(Whittier and Steeves, 196pf'Whittier, 1962)~rm~?iS'Supported by the observation !bat since a

. . ! ".. ". .' . Ithreshold amount of sucrose or glucose is neeJ 'Im for apogamy, it Wgu1d appear that ,1m increase
j

in respiratory substrate above that p!'O(h.\c~ r..by photosynthesis is required for r.pog&mous
I

sporophyte formation (Waitti!.t and Steeves.] 962). I

, ' '1\ "" i
,~-~ \

Ethylene has also been shown to promote apci~amy in ferns. How ethylene works iIstill largely
r .z; )

unknown but i. Is thought to channel the ,~,it'rsupplied by sucrose ..toward 'he rtnlJlliO", 0.1

:) I

ii" I
il
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apogamous buds whereas in the absence. of!.hylene the energy from the sugar would be used

to produce more gametophytic tissue (Blmore l!41d :WWUier,1975).

Elmore and Whittier (1975) recognised two stages in thl::;,. induction of facultative ~~og:'!.lny in.

Pteridium. The first stage required both high carbohydrate levels and ethylene, the second only

carbohydrates (White. 1979;Bopp, 19(7).

Naphthylacr.:tic acid (NAA) (~timal concentration two milligrams per millilitre), indoleacetic
~ ~

acid (IAA)~and Gibberellic acid (GA) promo~\ the formation of apogamous sporophytes,

especially when applied together with foul' percent sucrose. The formation of apogamous

structures therefore depends upon a sufficient supply of carbohydrates and ot~i~r organic

substrates. Carbohydrates are not regarded to be direct triggers of differentiation; .they permit

to a greater e~~ent the activity of those genes which are necessary for the differentiation of the
" .',' i

sporophytes (Treanor IU'td'Whittier, 1969; Bop!', 1967).

White (1979)\~oted that the occurrence of apogamy was greater where a larger number of

gametophytes forming the colony in the culture dish of a specific size"were present. This is
r>

probably due to the larger amounts of ethylene released by the gametophytes into the culture
"

! ,

solution.

\.
In summary therefore, the apogamous embryo differs from the sexual one in foJ <..6~ipal

waysr-

1) The apogamous embryo is intimately connected with the proth~9.h}ln in such a way thlit one
"<:»>'

cannot decide where one begins and the other ends;

2) There is no foot or equivalent organ formed;

3) The vascular bundle of the sporophyte is in direct connection with vessels which lie in the

prothallium, and
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4) The order of evolution is different, a leaf arising first and becoming tolerably well developed

before the root and afterward the stem make their appearance (Steil, 1951; Yamanouchi,

The absence of fertilization during apogam.ous reproduction results in the reproduction of the

same genome, generation after generation a111,\in the gametophyte and sporophyte having the
I

same chromosome number. In obligate apogamy sporogenesis occurs regularly, but sporophyte

and gametophyte retain: the same chromosome numbers (Sheffield and Bell, 1987;Sheffieldat1d
;;

Attree, 1983).

For the origin of the apogamous embryo of two ferns, Farmer and DIgby (1907) (quoted in

Steil, 1951) described an unusual history. They described the origin of the embryo from a single

diploid cell produced by the fusions of the prothallial cells and their nuclei.' The fuuion of these

cells, in the cushion ofilia gametophyte was described as a. "substitution" fertilization, Numerous
\\ .

studies on the embryo of apogamy b~v&been made, but so far no One has confirmed the

observations of Farmer and Digl-y (Steil, 195,,%;Steil, 1939); Steil (1939) 'Stated that their

observations were based on artifacts of fixation.

Approximately one hundr, ~ aM forty cryotypes have been confirmed as agamosporous,

amounting to about ten percent of those .ferns for which the breeding system is known, and are

confined to only eighteen out of the three hundred and flfty to four hundred genera commonly

recognised. Nearly all follow the Dopp-Madton scheme.

During sporogenesis insexually reproducing ferns the initi'11archeosporial cell in the developing

sporangium divides four times by mitosis resulting in sixteen spore mother cells. Meiosis occurs,

giving rise to sixty four Spdl~ with half the original chromosome number. In apogamous ferns
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modifications of either mitosis Or meiosi~\ OoCU1'1 resulting in the production of viable spores but

" \:" "

which have the sporophytie instead of the'~~llbed chromosome number. This system has been
\"
\'

designated the Dopp-Ml:lnton scheme tWall£i\r, 1979).
',1':,
"

"

1n"~J;l.eDopp-Manton system two types of cytol~~ical behaviour are shown by the majority of
':, \

the sp5rangia. In one case the archesporial .cell divides four times by mitosis to give rise to

s~~teen spore mother cells and then meiosis occurs • .i~t as in the a sexual species. However,

meiosis is irregular and conseqtiently only abortive sl'0r;~s are produced, In the other type of

behaviour shown, a compensatil:>u mechanism occurs, r~~ulting in regular meiosis and the

ptQ.d~lctiO!l of vi!>bte spores. IIete three mitotic divisions gi~e rise to eight spore mother cells;

A turth~rmit{)t!c divi~iQn statts normally, the chroni')somes 11l9ve to the equator and divide but
v, '.

there is ni:l separation ,towards the poles and restitution nucl~i are formed.'i,As there is no

\ I cy(~')pl2Smic di~ltsiol1 involved dt~ring, tllls mitosis the result is the formation of eight spore'\ .... '.' \

~.9th'e;t cells, eacb'with double the' origi'ilal chtomosom~ number. Each chromosome now has~ . "

\ '

an 6k'l4ctpartner available with which it pail'S llli4 the following meiosis is perfectly regular with
''<::\

only biv~~~nts formed. As a result thiity two diplospores l![e7YrOduced which have the same

chromosome, nUl-\tber and genotype as the sporophyte (WaUe.,}, 1985; Walker, 1979; Whittier,

19(5).

Braithwaite (quoted\\in VlfaL.'ter, 1979) described another type of agamospory, Here the

archesporial cell undergces fb'ur normal mitotic, divisions to produce sixteen spore mother cells.

At the first meiotic division the chromosomes move W~/ards the equator without pairing. The
/'11

~. / f "
cytoplasm fails to divide !h4').tl restitution nuclei ar~ fdbed with the r~,Sult that there are still

I:

sixteen cells without any alteration in chromosome content. The second ~eiotic system. is

normal, giviilg rise to up to thirty W/O viable diplospores arranged in diads m.td. baving the

original sporophytic chrorao» ;the .tlum.bet (Walker, 19a5; Wallcet,.1979). A~ain; prothalli are
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(i .... . \. II
produced which t?~ sporophyt,es apogamously;" rt\, altbou/Jh ~~ outcome is the same as in

t~e Dopp-IVlanton s¢~eme. the c~/tblogical m~~s bY~biCh it clci~rs is different.

'\, /'
\\ \ I;

In Dopp~Mantoll aporoictst,the spor:~gia which form the hiPlo~ore.'S regularly produce the full
I •

complement of thirty two spores, However, in the :Bmithewait~i type, this figure frequently falls
!o

shott of this, anything from. tweKI~Ythr~r (or less) up to thlrty,lJwo being produced. This shortfall
i"\ ';'\ . -.:1

is due to:1rtegular cytol'lasmi~ Clel\~age\\d results in the Presence of small abortive tragmen~

intermixed Wi:h the viable syot.es at: of t~ishappen ones gNalker, 1,985). In th~ Ddpp-Manton

apomicts, because agam.ospoey is inheritei.l as a dominant character, the fertilization of sexual
't")

sp~iE',s by. the functional! spermatozoids
i

Clf the apomicrs can lead to the build up of large
\
\agamosporous complexes,

\.
\

All the Braithwaite apomicta are members <lif species complexes and differ widely itt their
\

systematic position. 'this contrasts with the Do~rlwManton apomicts wWfh, are predomlna¥t1y
" 'i •

coneentr-ted in Adiantaceae and Dryopteridasblle with only a few isolated examples found

outside th~ families (WaUeer, 1985).

The occurrence of apogamy is unrelat~.d to taxa (Smith, H)79). This has lead workers to

conclude that this method of reprodu!ltjon has arisen inciepetlldeutly many tames because 0f the

advantages it provides over sexual t'e'l'foduction.

The slPore.sof the apogamous fern are generally larger with thll greater volume being occupied

by cytoplasm. As a ponsequence elf this extra cytoplasm, apogameus gametophytes mature faster
i:

than those of their sexual relatives and apogamous sporophytes appear well before archegonia

in .related sexual species grown undl~" similar conditions (Whittier. 1970).
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Many apogamous species are able to thrive in relatively xeric habitats eg Pellaea Link and

j'>!mholaena It Br, This is possible because the sexual species are dependent upon ~j1e
;;'-- - - \1

availability of free water for reproduction .while the apogamous ones are not (White, 1979;

Nayar and I}al.lt, 1~71;Whittier, 1965; Foster ~and Gifford, 1959).J &-

This i~ctor, together with the larger spore size, has lead' to the idea that a~am;'I(;,t,"ry' is .;;~
1 '
\' C

adaptation to dry habitats. However, this caanot be held as a generalization since, OOutly of ~1,,~
genera with numerous apogamous species are not xeric plants (Walker, 1979).

,

Other advantages of apogamy mentioned by Anth9J;lY (1983) arer-

1) By eliminating sexual reproduction apogamous plants can retain ali the accumulated genes

which favour survival in a particular habitat e.g, in I~e cheilanthoid and adiantoid ferns the

adaptation would 'be to xeric environments and

2) because antheridia ate found in most apogamous gametophytes studied, such fems are still

able to function as male parents to sexual forms and thus form hybrid~ which may exhibit

hybrid vigour. As mentioned above, genetic c()ntr~,l of apoga!illY has been found to be
\'

dOmin2illt - this dominance would be effective in perpetlJatiIfg' and increasing the number of

apogamous ferns by crosses involving antherozoids fronl apogamous plants.

The development of the fern gametophyte, whether sexual or apogamous, is affected by a

number ofrather diverse treatments. William (1938) (quoted in Sobota and Partanen, 19(6) and

Kato (1964) noted that the form of the prothallus is readily influenced by a number of factors

including supply of mineral salts, variatio.tts in temperatUre· and osmotic pressure and in the

intensity and spectral quality of light.

c
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Gametophytes have been cultured on several different media add it appears •t~at,. once

germinated. they will grow on any medium containing the. macro-nutrients. Deficiencies in

macro-nutrient supply affect the development of the ,gametopnytes, e.g, the development of

the p:rothaUus may be arrested at the stage of a cell plate without meristem by cultivation

in a substratum. devoid of nitrates (Verdoorn, 15i.~~a).Sufficient micronutrients are usually
~};

present in the spores and as. impurities in the oth~r otganic compounds. However, the rate

and even the detailed pattern of development can be affected by the concentration and

composition of the medium. The pH of the medium needs t~ he in the ran, of four and a

half ~9seven for opti.mal germination (Dyer, 1979).

\
Population 4ensity also plays a role in development of the fen... t;>ametophyte. An increase in

population density leads to an increase in gametophyte length and a delay in the transition

to two diroeu$ional growth (densities over one hundred gametophytes pet millilitre of

medium) (Dyer, 1979; Verdoorn, 1938). 'The inhibition of development associated with h,{gh
,

populations has been attributed to starvation presumably as_ a result of co~~pefition fQr ,-::.,
~, d

:
nutrients. Too Iowa level oflight through mutual shading was also thought to ~p responsible

,-'

for the resppnse. Recently studies have shown that a volatile substance is released by the~ .

germinating spores which inhibits germinat~on at some; stage prior ~o nuclear division; it also
)7

inhibited protonemal cell division but promoted el0ng~\n (Smith, 197~1;mitb;'llUld :Rogan,

1970). ."

Spores ger.minating in isolation (below one millimetre square on fifteen millilitres of agar
f/,·C "

(Dyer, 1~79» often gave rise to nodular masses of cells (Smith and Rogan, 1970; Steeves et

al,1955).

"
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Delllsity of sowing also lias a marked ef~ect OIl reproductive organ development 'With

tSlAleness tmlding to. predominate in crowded cultures. This iii thought to be due to a build

up of antheridogens in the surrounding culture medium (BeU,i,'1919).
'J

The ~ffects of.co!chicine have been tested on germinlltin; spores of several f(;~ species. The

commonest effect of colcllicme is hypotrophy of the spore, which swells to fQm(;giant
~~: .~

spherical ci1(~d does not undergo any division. 'This lffect can be iaterpreted in terms of

colchicine disroptiol\ of microtubules, 'l~ditlg to fallure of mitosis arid random orientation

of cell'qlose microfibrils in developmg wall. The new wall is unpoiadzed, fEisultffig inzthe
",:;:-":~,

formation of a sp:henc1ll,cell (Dyer, 1979).

c::

a) Auxin

1M induces rhizoid initiation from the basal ceil, so tha~;JIP .to three secondary rhizoids

were present in addition to the primary rhizoid. Later development was abnormal!
.j Ii .

swelling or branching of the rhlzoids occurred and [itotonemal growth :vvas inhibited
)}

(Smith, 1979).

b) Gibberellic acid

GA will substitute for light in t~e induction of spore.germtaation, It was proposed that \\

the gibberellin activates stable mRNA present in th~ dry s~ore which codi~ fq;.- proteins

necessary for early events in gernrlnationJinc1uding reserve hydrolysis, division of the

spore nucleus and initiation of protonemal cell and rhizoid (Smith, 1979).
(i

',J

\\



5) Light

Light is well known to be the most influential of til~ i"t;:~dUSenvironmental factors that

control the developmental E\rocesses of ferns. In general, Jed light pto&'Dtes genl:linatiol1 a;p.d
II

.,? 1/
filamentous elongation of the protonema, perpetUating indefinitely the p;:.'l.ttem of ~Ine

i''\ i
dimensional growth. Blue light promotes active &el1 division and the conversion to (VIO

dimensional prothallia, When a gametophyte cultured under red light is transferred to blue

or white light, the rate of elongation is reduced and the apical region of the prot9oema
'I

becomes swollen (Racusen et al, 1988; osu, 1987; Wada and O'Brien" 1975; Stetler liand

DeMaggio~ 1972; Sobota and Partanen, 1967).

')\
Experiments performed by Cooke and Paolillo (1919a) have shown that under all light

qualities the actual rate of volume, increase within a species is equal, Le, the cross-sectional

area of the filament compensates for the differences in the rates of elongation. Red light

therefore promotes elongation rate but,ple filaments are narrow, while blue light enlarges

the erose-sectional area and the increased mitotic rate caused by the .hlue light enhances the

tendency of the elongate cell of the filament to assume au isodiametrio shape. Cooke and

Paolillo (1979b) believe that this isodiametric shape is the essential precondition for the

transition to two dimensional growth.

The photoreceptivity of the fern gametQuhyte is believed to be due to t4e involvement of

phytochrome and one to, two additional photoregulatory pigmcllts (Wada and Kadota, 1989;

Wada. 1985; Greany and Miller, 1976),

The effects of continuous ted light i.e, the continued elongation of the filament '}lith the

clustering of the majority of the cell contents around the nucleus,lea.vipg an almost. vacuolate

basal region are well documented but, as yet, it is not knowa h~w these effects are mediated.

Because the effects of the red light .treatment can ~.~ reversed by far"ti!d 'light the.
,-._}



phenomenon is thought to be mediated by phytochrome (Wada and Kadota, 1989; Greany

and MiHer, 1976).1'he intracellular localization of the phytochrome was studied. by Wada and

Furuya (1978) using microbeam analysis. The photoreceptive sites for C~d light were not

found to be limited to any particular regi~:>nof the protonema, but were always located at the

cell periphery therefore ~ggesting that the phytochrome localizes On or close to the plasma

membrane.This finding supports the hypothesis that the primary action of phytochrome is

by changing the membrane permeability.

i

f.:~,
Red' light induced membrane depolarization has b$n detected in Onoclea Sw. (Wada andi,

" I~{adota, 1989). The membrane potential was repolarized by far-i~ light which is typical of
,,'rOC"

a phytochrome mediated response. There is, however, i~O direct evidence that these

electrophysiological responSl/ls are involved in tb~ primary actico of the following sensor}

transduction chains leading' to phctomorphogenic (esp~ises.
II ... . 0

Originally it was thought that phytochrome mediated the blue response as well. However,

while phytochrome does absorb blue light, the efficiency and relative effectiveness are too

low to account for the observed blue-light p,:tducedphenomena (Cooke and Paolillo, 1979b).

Rather, the transition from filamentous to two dimensional growth seems to involve the

photoinducible reorientation of the plane of cell division (Wada and Furuya, 1918). It has

been proposed that tills transition to two dimensional growth involves the blue-light mediated

m~eftion/suppression of specific genes that code for proteins necessary to initiate m' sustain

two dimensional growth (mentioned above),

Using polarized light and lor tilicrobeam irradiation of blue:dight showed tbat only the

irradiation in the region containing the nucleus could induce cell division (Wada and Kadota,

1989; Wada, 1985; Cooke and Paolillo, 1979b; Wada and Furuya, 1918). However,
t) II

surrounding the nucleus is a layer of chloroplasts and a thick layer of cytoplasm containing
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oil droplets, mitochondria. small vacuoles, endoplasmic reticulum etc. Therefore it is still

unknown whether it is the nucleus itself which is the photoreceptive \ site, or some organelle

closely associated with the nucleus.

Changes in Membrane permeability are induced by blue light irradiation and are considered

by Wada and Kadota (1989) to be an early step'in signal transduction leading to' blue light

mediated responses. Blue light promotes cell division by shortening the G1 phase" of the cell 1\

U
cycle. How ir'does this is stili unknown.

At least three different morphogenetic reactions in the early development of Anemia

phyllitidis Sim are under phytochrome control. In addition to the induction of spore

germination and determination of cell shape, red-light irradiation also inhibits antheridium

production by antheridogens and gibberellins (Schraudolf, 1987),

It is evident that elementary processes of development itt fern gametophytes are greatly

influenced by light, and that the processes a.. ··.coatrolled antagonistically by phytochrome and

one or more blue and near-ultraviolet light absn!bmg pigments. The interaction between. the

effects of the two pigments must take place somewhere in their effector systems rather than

direct interaction between .be pigments, r::lCause the intercellular localisation of the pigments

is clearly separated inside the cell (Furuya, 1985).

Although a large amount of research has been done on the fern gametophyte, a number of

questions still remain unanswered, especially regarding the alternative forms of reproduction

such asapogamy, therefore providing scope for this investigation i.e.,to restate briefly the

aims that were given in full on pages 1 & 2,

1) to establish the origin of the apogamous bud,

2) to determine the delineation of the apogamous embryo and
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.3) to compare theontogeny of the apogamous sporophyte ,with that insexually reproducing

ferns.

o

, J

i)

o

\1
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CHAPTER 3

EXPElUMENTAL ORGANISM.

The fern,.,used in this study was identified as Cheilanthes vlridis (Fonsk.) sw.!rtz Vat. glauca

(Sin,::1)Schelpe and Anthony, using herbarium specimens 'and the identifica~on. key in Burrows
1'\

(1990). Voucher specimens (Anderson 1 and 2J) are housed in the Moss HeJ~arium, University
),

.of the Wit\vatersrand. Johannesburg.

, "~.
Mature fronds of C. viridis vat. glauca' were collected from the top of a rocky outcrop in the

Lovers Rock Pleasure Resort; Magaliesburg in March 1990. The fronds were placed in., P~hi

di$es line4 with filter paper and left at room temperature in the dark for one week. This/~-)ll
treatment resulted in the mature sporangia drying, splitting open and releasing the mature

spores. The released spores were then passed through four to six layers of lens tissue to remove

sporangia and leaf fragments. The spores were collected and stored at room temperature in

glass vials for use throughout the study.

CULTURE CONDITIONS.

In order to determine which nutrient medium and substrate type would best suit the

germination. requirements and the subsequent development of the gametophytes of C. viridis

var, glauca a number of trial experiments were performed.

In the first trial experiment One percent agar was added to each of. the following nutrient

media» Knops solution (Appendix II) (Loyal and Chopra, 1977; Trivedi and Bajpai, 1977;

Nitsch, 1951), Moores medium (Appendix II) (Douglas and Sheffield" V")O; El Dousky et al,

1990: Evans and Bozzone, 1977),Mohr's medium (Appendix II) (Grill, 1987; Dyer and Cran,
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\\
\\

1916), Knudsohls medium (Ail~iil.diit Il) (Whittier, 19fH; Steeves ~ 01. 1955), Provosoli
ii,

Enrichment Medium (Appendix ll) (Stem, 1973) and Bolds Basal r~~iJ~(A~f.',endmII) (Davis,
; i

2utoclaved fot twenty minutes at 120"C and, under sterile conditions, ten millilitre aiiquots poured

000 sterile Petri dishes with Scm ~ Scm gads drawn on the base (Fig. 4). There were three

replicate dishes for each of the nutnl!nt media.
"

Once the agar ''Imd set, single spores Were placed in each block of\the grid using a single bristle
Ii '.)'.' "',

., /1

brush. The Petri dishes were sealed ~i;'ithnlMking tape and placed in a gt'0vr;th,(7ffambermaimaiaed
L I".

<I. /."'.\;, _ ..... '. ;_,>,:,,..-,,: ::.:-\.~

~~20"C. ".nth a photoperiod of eigh~!hOU~1dark: sixteen hours \ightl!lnd. a'~~\dianc~of 17JLmoln::i

28.1 After one week the Petri disiles were removed and the spores examined on an inverted

microscope for signs of germination. E!oVl'ever, all the Petri dishes showed excessive fungal

contamination and very little spore germination. It W,ilS thought that the ~resetlce of the fungi was

affecting the spore germination thd ~:lt6\\ second trial experiment was performed.
I

This trial experiment involved repeating trial experiment one except that this time surface

sterilised spores Were used in an attempt to decrease fungal contamination. The

sterilization technique used was a combination of ilia methods used by a number OEl
q

authors including Douglas and Sheffield (1990), El Dousky et al (1990). Miller' and

~Nagner. (1987). Minamikawa ,et al (1984) and Haufler and Gastony (1978). Spores Were

placed in centrifuge tubes containing a 1% Tween solution. The tubas w~re agitated

until all the spDres were suspended after which they were centrifuged at 2700rpm for
"

four minutes. The liquid was , decanted. Following two cycles of rinsing in sti,rlle
if

distilled water an~; (lei\trifuglhtion, the spores were suspended in sterile distilled ;Vater

and filtered onto Ducleopore "filters using a nueleopore filter apparatus. The
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Figure 5,:" A diagran:mntic representation of a silt welled Repli dish.
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spores were then sterilized for one, two and a half; five and seven and a half mitl;dtes

respectively by passing a 20% (vlv) sodium hypochlorite solution (Jik*) through .the filter for

the allotted time. The spores were then washed thoroughly with sterile distilled water and plated

on the various solid media as described for trial experiment one.

After nineteen days in cultute it was found that Bolds Basal, Moores and l{nops media had the

least fungal infection and the highest percentage of germination, However, the highest
(,I .'

percentage germination obtained was still relatively low, being forty three percent after one

minute sterilization and cultured pnKnops medium. Another problem was that the devcloprnent
:_;. ..! '.") {,:

of the gametcphytes was stunted ~ after thirty days in culture the protonema consisted of only

two cells and very,fe\,:, chloroplasts were present in either of these cells. After forty six days two

dimensional growth had been initiated but the cells 'iVere almost devoid of cell contents. No

further development of the protonemata took place.

A third trial experiment was performed in an attempt to ~creasc the percentage germination

and to initiate norms] gametophyte development. BoltZ:~}¥al, Moores and Knops media wore
<) .' , _.' ,~( I

used in this trial experiment sinc& they had given the highest p~rce~ge germination in the
/;:_::'-' -

previous trial experiments. The liquid media were autoclaved '~12oI)C for twenty minutes and,

under sterile conditions, three millilitre aliquots Were placed into the wells of a ~epIi dis!, (Fig

5'). Unsterilised spo;es·,were dU,sted onto €he surface of the liquid media using It paint brush.

Four replicates for each medium were used. The Repli dishes were sealed with masking rope

and placed under the same culture conditions as before.

When the Repli dishes :w~re examined three to five days later it \~as found that there was

almost one hundred percent geL"I'lination of the spores on all the media tested. Further

development of the gametophytes tool~'place as expected. This was therefore the method of
,I"
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culture used. Knops medium w~~chosen out of the three because the initial dev.:lopment of the
\\
'\

gametophytes on this medium was most rapid.

/,/
'l
(~
For this study, therefore. the gametophytes of C. viridis var; glauca were cultured on Iiquld

Knops m~ium in a growth chamber with the following $ettings:~ 20°C, photoperiod of eight

hours dark: sixteen hours light and irradience of 17tlmuhn-2s-1.

((

At various s~ges in the development of the fern gametophyte \~m.ples were ..removed from the
.~ ,

Repli disacs and mounted in a drop of nutrient media on ,/'lades. Thtqse whole moun~s were

viewed on 11 Zeiss photomicroscope and the results recorded photographically and

diagrammatically.

Gametophytes showing the development of the young apogamous bud. the mature apogamous

bud and the !/oung sporophyte were embedded in L R White Resin and sectioned using the

following procedure:
i!
'I._I"

Samples of g~metophytes showing the relevant stages of development were removed t~:mn the

Repli dishes and filed for not less than sixteen haul'S in 6% GTA in phosphate ..buffer

~Appendbt II). The fixed gametClphytes were then washed three times in phosphate buffer for

a total of thin;), minutes and dehydrated .'.in a graded alcohol series. The absolute alcohol was

replaced with (L R White Resin and the gametophytes were left in L R White ..esin overnight. ,1

The specimens were orientated in foil embedding dishes in fresh LR White. The resin was then

allowed to polymerise in a 600C oven for twenty hours, Semi ..thin sections (0.5'" 0.7/.100)were

cut on a Reichert OMU3 mien.toms, 17rIesections were picked up onto clean slides and dried

down onto the, slides using a hot pilAte (80°C). Some of the sections were stained with toluidine
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blue (Appendix U) while others were stain,ed as explained in the Histochemical studies section

(p 69),

ELECTRON MlCROSCOm; §TlfJl1l1lJES.

The spores of C. viridis vat. glauca were examined using the scanning electron microscope in

orclef'to obtain details of the. surface ornamentation. Due to the thick exospore, the spores
'Cl

required no processing t!eatm~nts befo~?being mounted onto five centimetre stubs using
-:.:.:

"Napltyglue" as the adhesive. The specimens were coated with gold palladium before being
(t

viewed on a JSM~840 Sc~1n.'. g. Electron Microscope.
~ c'

The spores of C,"viridis var, glauca proved to b~1more difficult to fix and infiltrate with resin

than 'the gametophytes. For thi'J reason the time periods for the processing of the spores and

the gametQP~ytes for transmission electron microscopy (TEM) differ significantly. (~

The methods employed for the fixation, postfh.,'lt'ion, dehydration and resin embedding are
\1.,

based on those of Hayat (1986), Kuehnert and La\~''ln (1983), LintilhaC'lmd Jensen (1974) and

Gantt and Arnott (19~5),

Processing of fern spores for 'rEM.

The method described here is one of many which were tried and is the One from Which the
.)

results shown in this dissertation were obtained.

Fern spores were centrifuged at 2700rpIn in a. 1% Tween solution for five minutes. After two

washes in distilled water and centrifugation, the spores were processed as follows:-
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1) The distilled water was decanted anti replaced with 6% glutaraldehyde (GTA) made up in

O,2Mphosphate buffer (pH 6.9). The test tube~taining the spores a:1ld GTA were sealed .

with Parafilm and left for two weeks at room~itemperature.
n

2) Fixation was .followed by three phosphate buffer waslles over the next three days to remove

all traces of the GTA.

3) Post fixation was in 1% osmium tetroxide (OsO~ made up inO,2M phosphate buffer for o~e

week. and was followed by three phosphate buffer washes, each being for a period of twenty

four hours,

4) T; dehydration procedure followed is indicated in Tabled;

- =vr...~~g
30 1= = 4

.~I
" 1:.0

50 I 16

70 24
'.

gO 24

100 24
i

.i ~
100 1 week.

- ...-- -."' .

TABLE 1:TIle dehvdrntion_grotocoWIsed fot..1lpore dehydration.

5) An extended resin infiltration process was carried out in an attempt to gain adequate

infiltration of the SPUrt'S resin (Appendix -Il) into the spores. The absolute alcohol was

replaced with a mixture of75% alcohol and 25% SPUrt'S for four hours. The specimens were

then placed in a ~ture of 50% alcohol and 50% SPUrt's" for twd'daYs. A mixture of 25%

alcohol and 75% Spurr's replaced this solution for two (lays. The specimens were tlten\llllced

in 100% SPUrt's for a week, in fresh Spurr's for a day and then embedded in fresh Spun-'s
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~
1) A~ various stages in their develiopment, gamerophyfes were removed fronl the RepU dishes

and fixed in (:)% GrA in O,2M phospbnre buffer for a minimum of sixteen hours,
G

2) The fixation was followed by t~ washes in phosphate buffer over a half hour period.

3) Po~tfii1lation was in 2~ OS04 made Up,ID. O,ZM phosphate buffer for two bt''Q~
"',;- \. ., '.. \

4) t14. _.J\~l'isbes'·m phosphate buf{i~t, each for te~' minutes, followed the Po~tfiJtJ~~on.
~ \

5) Dehyd~tioil1 of the specimens Was carried out through the same graded a!c6hoi series used
\~':

,1for the silo/es, but over omy an hour and a half period instead of over eleven days.

6) The specimens were infiltrated with Spurt's resin over a period of tbtee days as described

in APPll1!l.dix U.
()

7) Specu:n.eru; wereembedded in fresh resin in foil embedding dishes and Ule resin was
;)

polymerised for siateen hours at 70"C.

r;
§e4!tAomlUl;'lI. ., 1\

, , 'S );
Sections of the embedded spores and the various stages of gametophyte development w~/ecut on

J

a Reichert Ultracut E microtome using glass knives made on a LIm 7801 B knife maker, (G~ld

to silver-gold sections. 60 - 90 run. thick, were pictced up on to three hundred mesh copper grids.

S~pU~thin sections, 6lPproximately O.4S~tn thick, were cut,' placed onto glass slides and stained

with toluidine blue for light microscope observations, o
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Swming.

'the ult~wthin sections on the grids were stained with uranyl acetate (Appendix It) fot twenty

five mifiut~s, washed in distil~~f water and then stained in lead citrate (Appendix II) fol;' t'#enty" \ / . '..'

minutes, The grids were then washed with O,02Msodium hydroxide and rinsed in distilled water.

These staining times were foundto produce adequate ,;ontrast in the material.
- ..;j <,

Staining was carried out in the standard way by floating the grids fJarrymg the sections, section
-c;

''''~Qwt\ward. onto individual drops of the a~ropriate stain on pieces of parafilm, The ,staining

procedure was carried out in Petri dishtr(to ensure that the grids were kept dust nee.

Sections were viewed m a]EM lOOS transmission electron microscope operating at 80kV.

Various histochemical procedures were carried out on the gametophyte material which had

been embedded in L R White Resin.

('j

Combined 'rest for Protein and Polysaccharides.

Aniline bl~e black, Periodic acid-S<;hiff (PAS) reaction.
I,

Aniline blue black stains .proteins a clear blue/colour. The chemical basis. of the test is not
nt,

known but the dye is used fot the quantificatiorl';.of proteins separated by disc electrophoresis

(Fisher, 1968,). The F~~SreactiOldmparts a brilliant red colour to all polysaccharides. Th~ basis
'~~:::_~==-_:.. l

of this reaction is that the polysaccharide molecule .is acted UP01i\9Y the oxidizing a~~!lt, the

nt;~st commonly used oxildant being periodic "acid (HIO~; thi~1results w. the production of

aldehydes which ate then reacted with leucofuschin, contained in the Schiff reagent, to produce

the highly coloured complexes,

iI

The slides carrywg the sections embedded)) in L It White resin were treated as foUows:~
•.. II

i,,c\,

1\
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1),Placed in 0,5 % periodic add for fifteen minut7$;
It

2) Washed in running water for ten minutes;

3) Placed Ul Shiff's reagee! (Appendix Il) for fifteen minutes;

(I

S) Destained for two minutes in 1,% potassium bisulpbitE{,solution;

6) Washed in ruruiipg water for,.~birty miautes;

7) Placed in 1% aniline blue black in 7% acetic acid at 50 - 60fJC foil~=')!llinutes;
-co, ,::- _- _~ _ /;;:.:::., (~~~''\ f;-.;;

8) Dipped cbJiiefly into 7 % acet',,~'iacid to remove excess dye; -
\ \
'-'

9) Air dried and mounted inDPX.
c

Controls ....

PAS reaction controlr- As a control against the occurrence of free aldehydes in the tissue, L ~.

White Resin sections were stained omitting the periodic acid oxidation step (Southworth, 1973).

Aniline blue black controh- L R White sections were subjected to III deamination process

(Jensen, 1962) which removes er-amino and e-carboxyl groups from aminoacids. The control

slides were treated ip the following mannen-
Ii

1) The sections were placed in deamination fl\~d (Appendix: II) at room temperature for twenty

four hours;

2) Washed in tap water;

3) Placed in 1% aniline blue black in 7% aq~tic.'\lcid at 50 - 60°C for ten minutes;
I!

4) Dipped briefly in 7 % acetic acid to remeve excess dye;

5) lili dried. and mounted in DFX.

Sudan Black B Test Reaction (Pal\ham. and Kaustinen, 1976).
Ii

Slides carrying L R White Resin sections were stained with periodic acid-Schiffs as desl;Hbed
/,
/

above (p. 70, points 1--6). 'The slides were then
/,
;i
i/
.!
1/
I/
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1) Placed on wet fiiJer paper in a large Petri dish.

The Su&.m Ellac!>B was fi!tered diiOOUy from a miUipore syringe.
- 1/

,3l giinining was for.an hour.

~) The §trlining solution w~ drawn offusmg fil!~r paper strips ~md!simnl!l.dtaneously replaced with
:;"'---o,

,\

70 % alcohol until all the excess Sudan Bleck If was removed.

5) Sections were then ID~~ted in Karo syrup. II

{)

I

Slides cnrry~g L R White Resin eilibedded material 'were treated as followse- '\

1) Placed in i~f:r.min(Appendix II) tor a minit~lUm of sixteen hours;
~\ \\
I)

o'J.j Rinsedtwice in 95% alcohol for'approximatelyebree minutes in total:
17

$) Placed in Fast Green (Appendb. II) for thirty to sixty seconds;

4) Passed the slides through absolute alcohol; 50% absolute alcohol! 50% xylol; xylol in one
;0

minute stages.

5) Mounted in PPX.

CHROMOSOME ST1UJl)JlES.

In an attempt tn determine the chromosome numbers of the gllll1etsphyte and sporophyte tissue.
\." \\. If

\\

squashes of the tissues were stained using acetocarmine, Dyers orcein and Fe,ulgen. The results

presented in this dissertation were obtained using the Feulgen technique as described by Dr Jong

(University of Abberdene, Scotland; personal communication], Since none of the results obtained

using the acetocarmine and Dyers orcein staining techniques are included in this dissertation, these

methods will not be described,
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$mce DNA is one of the"princip§i components of !ill chromosomes, for chromosomes, It is a
":'

specific chemical reaction which involves hydrolysis of the DNA by Hel to eit~~~'e the firee

'~"'?''-tiW~iiYHe$fOllPS which arc then able to renCi.~\'Vitii the b~ic fuchsin. By foUoV'Jing,ilie protocol

described below. Ute chromosomes, and nuclei s~,,~~p magel1lw, colour wbile the other cell
, )

components remain unstained. The intensity of the ~~Uf is proportional to the l!Ul!l.0oot of ~NA

present.

'II.

The young gametophyte and sporophyte tissues were treated in. the almost same way. in.itil.!lUy ilie
/)
v

material from the two genek'atiollS was pretreated with 70% (ali) (ll-BromonapthaJene, the

gametophyte ti~~';1eforninety minutes ~d the sprophyte tissue for three hours, The material was
\\

then rinsed in three changes of distilled.water ,pver 8 fifteen minute perio~. The materiel was fixed
r-

-0

in Farmer's (Appendix IT) for thirty minutes and then washed in three changes of distilled :water,

each wash being for five minutes. The fixed Cmaterial was then placed in a closed container

containing 5N HCI for thirty minutes. During the hydrolysis step, the material was agitat¢d gently

1\ every five'to ten minutes. To remove all traces of the, acid, the material was washed for fifteen
n ,_~

minutes in three changes of distilled water and blotted. on fiH~r paper ~~Meen each w~ll. The
ii" -

mate!iaI was~~~ toaClosel'-lainor~3 Feulg,~'S~: (AppendixII) for S;ny))
min),l~es.The stamed ~teri!'ll W,?$ placed on a C~I.~ glass slide in\~ drop of 45 % acetic acid. 'lfffi{

material was gently maceratted, covered v'Iith a clean nUl1.l~r one~Qv@ri;liiT'.mdge:dY sQUaed

between two wads 01filter paper. 'The slide was passed over a flame once or twice to enhance the.
('j

colour reaction. Once the preparation appeared to. be sufficiently squashed when viewed with the

microscope, the slide was sealed with nail varnish and viewed,
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'lI'lEfJF; DlE'lPER!'WNA110N OF ras OPJLEN'ltATKON OF R1D!CRO'lrlUBULES lUSlIWG

lIl.WMIJNOKf[)UIOlRESCENClE MJrClltOSCOlH"V.

r~urloflubre~Cence. micrq,i~(,~y enabl~yfie to "" UIC ~ve~~, ~rganisatiO!1 o~ the

microtubules and dDs can..be ,m.c. mote1r<ban lliO mfo_bon obtomed from seo~ed

ma terial, The me!hod employed illlhis '~ris a ~. of "" _ US"" by I);!uog es

(81(1990), Sylvester et al (1989) and Doomm (11 al (1985).

For this experiment the spores were plated inw RepU dishes containing liquid Koops m~ium. One

of the Repli dishes was the-covered with red cellophane and placed under the same culture

conditions as the others {po 65~'.The red lightenhances one dimension!i~}filamentous growth of the

protonemata. (\

Ii&'~ "
The protonemata grown under whit ,tt:~'<ht(short filaments) and those grown under red light (long

I, ,)
filaments) where treated as followsi- c • _

\1"""n .."\
1) They were transferred to microtubule stabilising buffer (1!1TSB) (Appendbt' 11) for fifteen

I.

minutes;

2) This solution w& replaced by MTS9 contaialng 2% GTA and 1% (v\v) DMSO. The

protonema were fixed for a minimum of two hours;

3) Washed three times inMTSB, the last wash being overnight;

4) Placed in EGTA buff?r (Appendix 11) containing 2% Cellulase for thirty minutes;

5) Rinsed in three d~anges of MTSB oyer EI fifteen minute period;
, '

6) Placed inMTSD cOl.\taining 5% (v/v) DMSO and 1% (v/v) Triton X for two hours;

7) Washed three times in MTSB over 8 fifteen minute period;

g) W~hed twice in blocking solution (Appendix. Il), with each~:~ being for ten. minutes;

9) This solution was drained off and replaced with a 1:100 dilution of a monoclonal antibodY

raised in rats against yeast tubulin (clone Y34; IGlmatUn, MIle molecular biology laboratory.

Cambridge, United Kingdom) for lID hour. The antibody was diluted in. bloeldng solution,

f;;f
{/I
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fluorescein isothiocyanate (FITC)-COl1ljugntGdmbbat an:ati~Plotllieimmooogiobulin diluted to'
~/

I; i !l
1:100 with blocking solution \t.O~tl}~oWr; I(

11) Rinsed three times in blocking s~lution; ?/
12) Individual protonemata were separated out and mounted in antifade mountant on clean

glass slides;

13) The material "vas examined oil a Zeiss A.'tiophot microscope with the following fluorescent

a) exciter filter BP490

b) dic~roic mirror FT510
<,"'-.

c) barrier filters LP52Q_and K560 \,
. ,-' (', . I,:,

This combination provideS'brbad excitation in the 460 - 490mn rangeWiili't,h~.h;>~",~~!ittillg
) _//"

at 510mn and the detection fluorescence emission in the 520 - 560nm range, i.e. in the ~ge

of the FITC tag.

EXAlWllNA'f]{ON OF CElLlL W#JL1L DEPOSITION.
" ..,~

In an attempt to show that the tern pmtonemata.exhibit an apical growth l-'attem, whole mounts

of filamentous prothalli were made and stained for cellulase deposition using the Calcoffuor White

stainfug technique.

The liquid culture medium in which the filamentous prothalli were growing was removed and

replaced with culture medium containing 0.2 % (w/v) Calcofluor White. Af.-er a ten minute

incubation period, tho samples were washed three times in fresh nutrient medium over a six minute

period. A subsample of the treated prothalli were then viewed urlJier III microscope with
.\

fluorescence optics. The filter combination that was \1.sed was appropriate for the detection of

fluorescence emission in the 390 - 420nm range, The other filamentous prothalli were placed back

in the growth chamber and examined for new cell wall deposition ~ing fluorescent
\1

\
~
1\ \\
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microscopy after a period of twenty, four",hciurs (Heslop-Harrison and Heslop-Harrison, 1991;

!!,

I)

1 •

((
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The gametophyte generation of the fern life cycle is initiated Wit11 the production of spores in

the sporangium (Plate 1,Fig.l).The spores ofC. viridisvar.gla14caare approximately 46.5 ±2.26

J.!.m. in diameter and have a distinct trilete ridge (Fig. 6; Flate I, Fig. 2). The spores appear to

be broadly obovate in shape when viewed dorsally (Plate 1, Fig. 2) and semi-circular when

vi~wed laterally (Plate 1i Fig. 3). The scanning electron micrographs shown in Plate 1 show the

cristate ornamentation. of the perispore clearly.

Despite the lengthy fixaticn, dehydration and embedding protocol followed, the spores did not

ftll;, embed or section well. This is believed to be due to the presence of a wry thick exospore

which prevented the fixative'and other solutions from Infiltrating into the cytoplasm of the

spore, In most instances, this poor fixation resulted in the contents of the spores falling out of

th',~sections as they were cut. From some of the monitor sections and ultrathin sections \~pif:h

dillJ remain intact, it can be seen that the spores contain a nucleus and a relatively small vacuole

(~lllate 2, Fig. 1), but that the majority of the spore volume is (J)ccupied by large vesicles which

Illipear to be lipid bodies (Plate 2, Figs 2 & 3). The size of these lipid vesicles varies with the

smallest Ones being located towards the periphery of the spore and the largest towards the

c~:ntre of the spore,

Lj. C. viridls val'. glauca the exospore is smooth. '~ii. clear band just aL~we the level of the

pllnsmalelllll1;.'\, i1l"::(I~ed inPlate 2, Figs 2 & 3, may be an inner exospore layer although it could
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be an artifact of fixation, This could not be IJerified due to the relatively few instances where,

complete sections with the contents of the spore at~ched to the spore wall we~~ obtained. Tl:e

number of layers comprising the exospore could therefore not be determined, The exb~ore is

believed to be composed primarily from an acetolysis-resistant carotenes, containing polymer

known as sporopollenin (Raghavan, 1989).

The perispore of C. viridis v~;. gluuca is made up of two layers. The mner perispore layer is
II

Il

firmly attached to the exospore. It hss a granular appearance and an irregular outer margin

(Plate 2, Figs 2 - 4). The outer penspore oft~tl detaches during the processing of the spores for
(

electron microscopy (Plate 2, Figs 2 - 5). This layer is thicker than the inner perispoi~ layer and

is made up of plates which anastomose and thereby create smal; interconnected cavit~es. 111e

way in which these plates anastomose gives rise to the cristate ornamentation seen on the

surface. of the spores of C. vlridis Vat. 'glauca (Plate 2JFig. 5), i.e. unlike most ferns, in C. viridis
,.'J

val'. glauca, the surface ornamentation of the spore is as a result of perispore ornamentation

rather than the exospore. The exospore layer is, however, responsible for the formation of the

trilete ridge (Plate 2, Fig. 1).

DEVELOPMENT OF THE FERN GAMlETOPH1lTE.

Onse imbibed, the spores of C. vlridls var, glauca appear circular and have a diameter of

approximately 59f.1tt1i.e. they swell to 1.3 times their original size. Nomarski interference

microscopy of the imbibed spores shows them to be packed with vesicles, the majority of which

appear to be lipid bodies (Plate 3, Fig. 1).

Germination of C. viridls val'. glauoa spores on liquid Kncps medium is initiated after three to r
,

four days in culture. It is important to realise that in these experiments the spores did not all

I

germinate together and that the rate and extent of development was not always equal. The
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period given for the transition from one developmental stage to the ne1U is therefore an a'll~rn8ei

and would not necessarily be the same if the experiment were repeated.

20JJm
........... Cd

\)

®
.F.ig!u·e,6.- A $pore of C. viridis VIR!!'. glauca.

$iP,l!re 1:-TIle emergence of ~~ first rhizoid from the spore.

f!.gyre 8:- A \filamentous prothallus,

i~',

//
i) .. . .. .. . . \!

The first visit*~sign of gerinination is the emergence of the rhizoid· 'Fig 7,'Plate 3.Fig. 2). The

rhizoid initia( extends and. the emerging rhizoid causes the spore w!-lll to split ~long the tr.lJete .

ridge (1'late ~I,Fig. 3 .. 5). Most of the cytophnsmit; contents of the spore remain withi.n the

gametopnyte ,Initial (Pldt~\3, Fig. 4 & 5).

The extensio~ of the vmcuo!e as the rhizoid ~Iongates affects the distribution of the cytoplasmic

organelles in the rhizoid. The cytoplasm is ~~~tricted to a thin peripheral band (Pl:de 4, Fig, 1 -

.3). Towards the middle oft the rhizoid and at the tip region {ithere is more cytoplasm present

• (Plate 4, Figs, .2 eft 4) and the rhlzoidal nucleus is found in the central cytoplasmic region (Plt.fre
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4, Figs. 2 - 4). The nucleus of the rhizoid is spindle-shaped to elliptical (Plate 4, Fig. 5). Large

lipid dropJ~1.s are often visible in the thickened cytopi!!smic regions (Plate 4, Fig. 6).

,J

'The rhizoid remains unicellular and continues to elongate, often reaching great lengths in liquid

culture.

Ii
:1
I
;.1
d

ThelJ>fothallia! initial emerges after five to six days in culture (Plate 5, Fig. i) and gives rise to

a uniseriate, elongll'ied germ filrunent composed o~:~~~r!?R~iqc'~I~:e-~lS(Fif] 8/Plate S, Figs 2 -

4) with one or more tWzpici.'! at the basal end (l'J~/ . ',i~&thlzoirls emerge only
-::,' 'J i>; -,

t:,. '~, i,

from the cell of the fild\nent closest to ~ueSPQr~ ~. /~te ~;JU~t2'j:11S &: ~. WWJe the
:\ ',' -.".~;(,\ ", I

rhizoids are colourless, .'he protonema are brlgh~' (gr'~n due to the. nresence ~f num6i~us'« D~I'

chloroplasts in these cells.

All the celldivisions ate by crOSSwalls perpendicular to the longitudinal axis of the filament.

'if The length reached by the filaments is variable but th~y are never less than two cells long (Plate

5. Fig. 2) and seldom reach lengths of more than eight cells (Plate 5, Fig. 4). It takes, \

approximately eight gays in culture f(~t~1:lefilamentous stage of development to be reached.

v \
')\

In the apical cell of the ~ments the chloroplasts were often seen to radiate in strands from
,it '"

a central, probably nuclear, region (Plate S, Figs S & 0), The developmental significance of this
\\

chloroplast arrangement was not established.

The extension of tbe filam~ ntous prothalli is believed to be via apical growth i,e. elongation and

cell division only takes pl2ite in the apical celt of' the filament. In an attempt to prove that this

is,tUe growth pattern tl},?t occurs in the prothalli of C. viridis vat. glauoa the pro thalli were

stained with Calcofluor White.



Calcofluor 'White is a fiuorescent dye which binds to cellulase, When initially immersed in the

80

Calcotluor VVhite, one would expect the entire cell wall of the ptothaUi and the rhizgid to
Ii ,;,

fluoresce (Fig.,9). From. Plate 6, Figs 1 & :2 wel1clWsee that this is indeed what happened.

Theoretically, as the filament elongates and continues to grow. the new cell \Il(!!Uwhich is laid
I,

down should not fluoresce since the cellulase in the MW cell wall will not ha\\e i\\en exposed
r, II ;.~-:~

I! "
to Calcofluor White (Fig 10). However, results clearly showing apical growth by this means were

difficult to obtain. Once the prothalli had. been viewed using fluorescent <lJ,llcroscopy, no further

growth of the protbal1i WIlS observed 8!1!dit was therefore assumed that the ultra'violeUight
,. Ii

fluoresces.

figur~_2:- When initially exposed to Calcofluor White, the entire wall of the prothallus

figure lO:q The new wall laid dOV'Jn at the (tip of the filament does not.fluoresce because it has

not been exposed to Calcoflour White.
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inhibited elongation. and cell division. The pro thalli were then treated as described in the

materials and methods i.e, after being incubated in Calcofluor White and washed in fresh

nutrient medium, subsamples of the prcthslli were viewed, photographed and then discarded.

The rest of the prcthalli were viewed after a twenty Irour hour period in. on attempt to detect

Dew cell wall deposition. The chloroplasts autofluoresced. This together with the rapid fad~g

of the dye (Plate 6, Figs 3 &: 4) made the detection of new cell wall deposition difficult.· Th~

Calconuor White treated prothalli elongated very slowly and were never seen to undergo

division, indicating that perhaps the dye affected the cell metabolism in some way and inhibited.
normal cell division and elongation. Due to these factors, no conclusive evidence that the

prothalli of C. viridis var, glauca exhibit an apical growth pattern could be obtained from this

study.

Six to seven days after germination (i.e, when the filaments are well develo'p~) an allrupt

ch~ge in the plane of cell division oi~i.'~r:9.At this point longitudinal divisions are initiated and

two dimensional growth of the prothallus Wag observed. In C. viridisvar. glaucathe terminal cell

of the germ filament divides resuj~.<i!lgin the formation ~fa wall oblique to the longitudinal axis

of the filament. 'this is followed by a second divisibn which is perpendicular to th~ first division.

A transverse row of three daughter cells is formed, the middle one of which is) usually wedge-

"shaped (Plate 7,Fig.l), This is the meristematic region and all subsequent divisions are bywalls

parallel to the oblique walls, each being perpendicular to the one-preceding it (Plate 7; Fig. 2),
'! . '.':.:::::-,

The wedge-shaped meristeIl)2.tic cell remains present for some time (Plate 7, Figs 3 - 5), but

subsequent division eventually results in the formation of a group of initial cem) (Plate 7, Fig.

6).
rl

'the daughter cells expand and by repeated transverse and longitudinal divisions form an

expanded two dimensional prothallial plate which is only one cell thick (Plate 7, Figs 3 ~ 7). The
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lest cells to show the transition to two dh!J.~:Jional gro"1h are the: basal cells of the filament
f,n, i

(Fig. J 1,'Plate 7,Figs.:$ « 6). Once th~ cell plates have belen formed rhizoid di;lvelopment is

(Pltlte 7, Figs 2t 6 & 7).

(}

o

~5Mm~

Ei.gyre 11:~A two dimensioaal plate of cells.
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Cordate Ptothallial Ji)eve!~,~lllllll!!nt.

Eighteen. to nineteen days after the onset of two dimensional growth. the prethallus shows signs
n

of becoming notched (Plate 8,Figs 1 .' 3). The notch develops because the cells in the region

of the meristem are much smaller than those of the surrounding prothallus and are very closely
\\
Ii

packed together. Continued development in this area results in the formation of an ap;,cal' notch
()

(Plat~ 8, Fig. 4) and as a result a cordate prothallus is formed. Tile mature gametophytes are

usually symmetrical with a median midrib and more-or-less semicircular lateral wili.gs (Fig. 12:

Plate 8, Fig. 5). Rhizoids occl~r on the dorsal surface of the prothallus and are ..usually restricted
\\\ .. . ..\)

to the midrib area poste:ioi' to the apical)potch. It takes approximately thirty days from the

onset, of germination for this stage of development to be reached,

A series of experiments to' gain support for the theories that implicate microtubule

arrangements in the transition from one dimensional to two dimensional growth were

\<qd~cen. It was anticipated that circumferentially arranged micro tubules would be detected
\~~-

in the cytoplasm of the apical cell of the filamentous prothalli and a random arrangement of

microtubules in the two dimensional prothallial plates. of C. viridis val'. glauca, However,

d~hnstrati~~ of the microtubular arrangements proved elusive. The results obtained ate shown

in Plate 9,

(; An adapted method of Doonan et al (1985) using indirect l~~\Ulofluorescence microscopy was

adopted for this study. The control slides showed a large amount of autofluorescence caused

by the presence of numerous chloroplasts within the cells of the filamentous prothalli (Plate 9,

Fig. 1). In the experimentall slides, the autofluorescence obscured most or all of the microtubule

fluorescence (Plate 9,F/g. 2). The elongated filaments, produced by growing the prothalli under

red light, showf.iAless autofluorescence in the cells away from the apical c~ll since in these cells
'\

the chloroplasts were smaller and more spread out. However, as Plate 9)Fig. 3 shows, these

larger cells appeared to collapse during preparation and no distinct microtubule arrangements



chlorophyll ood therefore the microtubule fluorescence was obscured by the large tlmotmt of

autofluorescence (Plate 9, Fig. 4). Possible WfJ.ys of deming with the problems encountered with
»

using the indirect immunot1uoresy.ence technique fOT locati~mg microtubules will be dealt with in

ilie Discussion (p. 97). Since ilie use of tbis'iecbniqueon the one dim-ansiowU filamentous prothalli'

proved unsuccessful, the technique was not attempted Oil the two dim!ell1Sio~iliproilielliut plates,

(l
'c

lJJ!tras¢:n!ieam-e {If Ute Gm'Ill\e~t)phyte CeUs.

Throughout ~:dlopment of the gametophyte the ultrastructure of the cells remains more-or-

less constant,

Typically a large vacuole occupies half or more of the cell volume (Plate 10, Figs 1 .& 2). The

vacuole is surrounded by a tonoplast.

The nucleus is us~lly situated towards one side of the cell MQ is often seen in a resting phase

with clumped heterochromatin in the nucleoplasm givin~itb.e nucleus ill fine granular appearance
it

(Plate 10, Figs 3 & 4). Ii single spherical nucleolus is usually present (Plate 10, Fig. 4) and the

dark regions seen within the nucleus is heterochromatin. The Ducleus is surrounded by a double

nuclear membrane (Plate 10, Fig. 5).

Mitochondria and dictyosomes are located uniformly thro.ughout the cytoplasm of the garoetbphyte

cell (Plate 11, Figs 1 - 3). The matrix surrounding these organelles consists predominantly of

tubules of endoplasmic reticl!lu~. and numerous small vesicles (Plate 11, rigs J & 4). The

structure of the mitochondria resembles that of higher plants, i.e, they are bounded by a double

unit membrane, the inner ollie being elttensively folded to form cristae. The cristae
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are e.',",' ~d~ed tp. adense stroma. The many sdll granules in the stroma are mainly ribosomes

while the few larger granules are electron dense granules (Plate 11,Fig. 2).

Myelin-like structures (plate 11, Figs 5 & 6) are commonly obserVW within: the cytoplasm of the "

gametophyte cells, A!though the exact function of these structures is not known it is assumed

,that in fast~growing cells such as these with a high membrane turnover. they would fulfil a

generally accepted lysosomal function.

, Chloroplasts are abundant in the cells. of the gametophyte. Surface views of the gametophyte

cells at the light microscope level show the chloroplasts forming an almost complete covering
,

around the cells (Plate 12, Fig, 1) and sections through the filame.lltous gametophytes confirm
\,

thnt these chloroplasts are primarily peripherally situated (Plate'i.2,Fig. 2). Electron microscoy ....

showed the chloroplast profiles to be approximately 4J.lm in length and 2. 8J.lmin breadth (Plate

12,Figs 3 & 4). Each .chloroplast is surrounded by a double unit membrane • the chloroplast

envelope (Plate 12, Fig. 5). The photosynthetic lamellae are of varied lengths and occur either "

singly as stromal lamellae or aggregated into grana (Plate 12, Fig. 6). The lamellae tend to lie

in the direction of the longitudinal axis of the chloroplast (Plafe i3,Fig.l). Osmiophilic droplets

are commonly observed within the stroma of the chloroplast (Plate 12,Figs $,5, cSt. 6,.Plate 13,

Figs 1& 4) •.

Starch grains within the chloroplasts are numerous arilr~adable in size. Their shape is usually

ellipsoidal or sptndle-Iike (Plate 13,Figs2 &4), Mitochondria are often seen in close association

with the chloroplast (Plate 13, Fig. 5),

l\~tcrotubules were occasionally seen, occurring in triplets, between the chloroplasts and the

Flusll1aletntna (Plate 13, Fig. 3).
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In C. viridisvnr. glauca no untheridia or a.'Chegomo are fonned and the sporophyte is produced

apogsmously,

/)
I:f.
)' "

·After roughly f()tjy five to forty eight days in cu~fui.techanges b~gin to occur in the regfun of the
--~"'-"~-"

apical notch (Pl4te 14. Fig. 1) atIlda meristem arises (Plute 141 Figs .2 & 3). From the ligh~"" . ",

microscope observations made, the origin of the meristem {(uld nos be traced to one particular
\_ ----::-::;. \,\

cell of the gametophyte but rather to a group of cells in that region. These initial cells ar\ ~i.milar

to the ~djlU:e!ltcells Of the prothallus except they are greatly reduced in size (pt '(! 14".Fig. 4).

Mitosis takes plaee in rapid succession in this meristem resulting inplates (t~cells being laid down ,"

~n the surface of the prothallus (Plate 14, Figs 5 &: 6). With continued division a thick cushion-

like region is formed a,t the base of the apical notch (Plate 15, Figs 1 &: 2).

This cushion or mound of tissue, referred to as the apogamous bud, from which the sporophyte
\1

develops takes approximately Jive days to develop. Arising from the apogamous bud, are

numerous multicellular hairs (Plate 15, Figs 3 & 4). As the size of the apogamous bud increased

so did the size an4 dumber of hairs surrounding it (Plate 15, Figs. 5 « 6). The function of the

hairs is not known but may be one of protection. The agical ceil of the hairs often appeared

orange.

'\'c

~'~ .»> "'"\
The mature apogamous bud appears as a dark bottle1Oi'.f1Ij{ ~.eUsat 11,1e base of the apical

<,:-;-J "'\ '\ !

notch (Plate 16, Fig. 1). Within five to eight Jays froni the onS~t o!" apogamous bud development
\\
\.\, "!

the root and shoot apices Were seen to differentiate almost simui~eously (Plate 16, Fig. 2).
{\

However, the root of the sporophyte only completed its dev~\opmei1t at a much later stage. The

first leaf develops ~d grows out from the apogamoue bud (Plate 16, Figs :1,~ 4). Often elongated

structures developed from the bud region - these elo~:gated structures ~li.'ew.
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along the surface of the nutrient. medium and appeared to contaiif vascular tissue although. Were

never seen to form sporophytes (Plate 16, Fig . .,5). ;,

At this stage the multicellular hairs were still evident at the junction of the leaf and apogamous

bud (Plate 17, Fig. 1), on the petiole of the leaf (PZqte17, Figs 2 & 3) and on the leaf surface

itself (Plate 17, FigS.3& 4).

Vascular tissue which is a distinguishinJ(; character of the sporophyte generation of the ferns,
,.

is wen developed by this stage. moat notably the tracheids (Pilate 11.Figs 5 & 6).
"

More leaves were produced and only once two or three leaves were well established (Plate 18,

Figs 1 & 2) did the root develop fully (Plate 18, Figs 3 & 4). At this point the sporophyte. was

able to su,pport itself and the gametophyte became necrotic and died. The first leaf grew straight

out ·of the apogamous bud with only the lamina of.the leaf showing a slightly circinate pattern

of development. All the subsequent leaves produced showed the typical. very tight, circinate

pa~~ of growth (Plate 18, Fig. 4).

"j.\'

Once two to three leaves of the sporophyte were well established, the ferns were transferred

from the liquid culture medium to beakers containing a 50:50 mixture of potting soil and

vermiculite where they Were allowed to lead an independent existence. It took approximately

two hundred days of culturing before the ferns were l~ge enough to be transplanted into the

beakers of soil.

Altbough the apogamous bud is embedded in gametophyte tissue, the cells making up the

apogamous region, and later the sporophyte, can be clearly distinguished from those of the

vegetative gametophyte (Plate 19, Figs 1 & 2). The first most noticeable difference between the



cells or these two regions is the difference in size. The cells of the gamewpnyte aie m.uch lrurger
,~;

(Plate 19. Fig •.4) tlw1 those ()f the apop'~mous bud nKlddev~tor:~$Ig:~orophyre. The cells giving
l...1 ..

rise to the apogamous sporophyte have a large, u$1inlly'tentreUy situated nucleus (Plate 19, fig,

3) lJ.[ld-the cells app~ to contain more cbioroplasts pet unit volume than the vegetative
\"1

gametophyte cells (puiie 19, Figs ~'h&4), There is a distinct meriatematic region towards the tip

of the apogamous outgrowth (P{ate 19, Fig. 6). The'eells in this region have the major part of the
/ ..~,

(',IDIi volume eccupied by the nucleus.

dark, osmiophilic layer at the level of the tonoplast (Plate 20, Figs 1, 2 &: 4). ThisJayer was
OJ . ..., ._,~

absent in the meristematic cells of the apogamtlus outgr<?,wth (P14te 20, Fig, 3) M well as frOJl!l

the cells of the multicellular hairs which surround the developing apogamous bud (Plate 20, Fig.

~. A very thin layer is foand in the gametophyte cells immediately adjacent to the apogamous bud
If (,

(Plate 20, Fig. 6) while gametophyte cells further away from the bud did not have the tenoplastic

layer present at all.
(::;

:>The darkly staining deposits ate seen in the vacuoles of the cells of Hie apogamous bud at about

the time the multicellular hairs appear around the apogamous bud (i.e, about fifty to fifty three

days after germination). This material was graduallydeposited as "droplets" on the tonol?lpst
-- . ",,'

(Plate 21, Figs 1 - 41 until, ill the very mature apogamous bud and the developing sporophyte a

complete layer forms on the tonoplast (Plate 21, Figs 5 &: 6,' Ple:« 22, Figs 1 &: 3), The
1\

deposition of this material in these cells results in a distinct boundary ~j!itween the gametopllyte

and sporophyte tissues (Plate Figs 2, 4 & 5). The plastids of cells possessing this layer ate
/,

poorly devele~c;."4th ;no distinct ~hylakoids present (Plate 22, Fig. 3).
~________ .: c'

l.\
\:\
,::1

1,\ .; 11

In an aUempt to determine w\1at this layer is composed'of vatfous histochemical procedures were
\\
\.

carried out on sectim;ed matetial. The general stain toluidine blue stains the particles
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within tiM~ vacuole 11 dade blue ,md served to prove that these layer ..forming particle's OCCUlt' in
t

the vacl,lCli~or the cell (Plate 23, Fig. 1). However, it did not reveal the chemical cofuposition
I'

I~I
of the laylikt The combined test for protein and polysaccharides using the aniline blue black and

!
i periodic acid-Schiffs reaction was .11egative. While the starch grains in the chloroplasts stained

pink (appearing red/purple with Nomarski interference optics) with the periodic aeid-Schiffs

stain (Plate 23, Fig. 2) and the proteins in the nucleus stained blue with the aniline blue black,

the particles within the vacuoles of the cells of the apogal:nQI:!Sbud did no! t,:ke up either of the

stains (Plate 23, Figs 3 ~5}. This therefore indicates that this material is neither a protein nor

a polysaccharide.

The control slides for PAS (}>late 23, Fig. 1) showed only the nuclei staining blue due to the

aniline blue black. No organelle st:runing was observed in the aniline t1ue black controls (Plate

29, 11gs ~ & 9).

When stained with ssfranin and fast green, these layer~fQ$frting particles stain a deep purple

although this colour came out a pinkish-brown! red in the pI tographs taken using bright field

optics and dade purple-blue with Nomarski interference optics (Plate 24. Figs I .3). This result

therefore indicates that the l1'Ulterial bas ~ acidic component to it.

The particles in the vacuole of the apogamous bud cells stain light yellow with Sudan Black B.

With Nomarski interference optics these particles appear pale pink (Plate 24. Figs 4. & 5). This

positive reaction indicates that the layer formed in these cells is a tannin. The protocol followed

for staining the sections with Sudan Black B caused the sections to lift off the slides, fold and

. ,
1_'

crinkle, making it very difficult to take completely focused photographs of the sections since

they were not lying flat on the slides.

"
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To correct the distortion ~p ;a colour of the stained tissue due to the use of a t1.lll~sten

filament in tnt;' microscope, a daylight filter and correct colour film exposute' time shoul" ';,A
r;(. .~", ,; j_~ ,,/,/

used. Due to the l~ck of filter combinations on the microscope used the, co)pUt' di!1toilioll factor 0

~ n ,)

could uot be corrected.

Following the methda des'bribed on page ;2 chromosome spreads for the gametophyte tissue ",,/'1

~Jere obtained in. vet) y,0ung ~J\lO dimJns)rnUl prothallial plates (Plate 2~I Fig, 1) Plate 25 Fillf:

2 - 4 show u. through focus of a gametopbyte cell with a good spread of chromosomes. From

these photographs. and others similar to them, it v'vas determined that the gametophyte cells of

C•.viridis var, glauca hav.;~sixty chromosomes.

Despite numerous attempts r~,o chromosome spreads were obtained for lh,I,?' sporophyte

generation. Squashes of young apogamotis bud material as well as materia}-,taken from the first
/) "..

, //
sporophyte leafG)didnot yeild any chromosogte spre!ldS~1owevet, (I, comparison oflPlare 2S,Fig.

s, which shows the nucleus of It gametophyte cell in interphase, and Plate 25, Fig. 6, which is

theenucleus of a sporophyte leaf cell. the dim~nsiQns of the nuclei and the amount of nuclear
'\i

material within the nuclei are very similar and may be indicative of equal chromosbme numbers.

if
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lDISCUSSliON

In the Pteridophl~es spore wall structure and surface features are generally remarkably stable,
l,c

{Tryon. 1985) and, along with either characteristics of"·· -. f~fIls. are often useful in dr;>pictip.g

generic or subgeneric groups. Fine details of the spore bave been investigated with the scanning

electron microscope to provide new chamct~rs for use in the classification of the cheilanthoids. a

[I

.~

~
!I
I Qp.e of the first observations made reg~rding the spores was that there are marked differences

\.~':7

in the sizes of cheilanthoid spores. In the largest there is a correlation with a reduction in the

number of spores per sporangium that r~flects the apogamous condition; for example ·the very

large spores of the apogamous fern Pellaea atropurpurea (L) Link may be up to, 9:2pm ill

diameter. The spores of Cheilan(pes feel Moore, Notholaena aurca (Poiv.) Desv, and of

Cheiloplecton rigtdum (Sw) Pee. are Ileq\Uilly large and these species have a reduced spore

number; this information suggests that they are apogamous (Tryon and Tryon, 1973), The siza

of the spores of Cheilanthes viridisvar._claucaare, however, nmch smaller than those mentioned

here, being onlyapproxiruate~y 46,5J.1m,yet this study h?s shown that C.,yiridi.$var. glal4cais an

apoga~ous fern. It would therefore appear that the size of the fern spore isnot a reliable

characteristic in determining whether or p.ot a fern is apogamous, ""

From Tryon and Tryon's (1973) study of cheilanthoid spores it is evi4ellt that the costate form

of sporoderm (s perispore) predominates. The cristate ornamentation, occurring in C. viridis Ii

var. glauca, typically consists of more or less disconnected, irregular ridges as seen i:<i the
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soaning electron micrographs in Plate 1. This form of peri spore ornamentation occurs.in widely

diverse species of the cheilanthoids and is also characteristic of several species groups e.g, it

occ~\s in several species of Dryopteris J. Sm. and is the uniform type, among the light-petiolated
i'1\
\\

species of Pellaea Link.

The oiliei' types of perispore pattemiI1g observed by Tryon and Tryon (1973) in the

cheilanthoids arer-

a) Bygulose:- Rngulose sporoderm, composed of low, more or less compact rugae occurs in

several groups of cheilanthoids e.g, Cheilallthes lem.Jigera (Cav.) Sw., Pellaea calomelanos

(Sw.) Link and P. ternifolia(Cav.) Link. The rugulose type seems to have a close rel~~"!$hip

to the cristate and species such as Mildella intramarginalis (Link) Trev. have spores
! !

intermediate between these two forms. The prevalence of cristate and rugulose spox:\ ,inn,

and intermediate forms, suggt;1st that they ate basic ~ypes among the cheilanthcid ferns,
Ii

b) Verrucate:.- Verrucate spores with large, low t()un9~ tubercles are distinctive and
,) .. //
characterize a group among the American sp&:ie$' of Notholaena R. Br, This unique form

of sporoderm suggests thkt this group of species has probably originated independently of

other cheilanthoids,

c) Reticulate:- Reticulate spores in several species have diverse kinds of networks e.g. the spores

of Mildella'Smithii (C. Chr.) Hall and Lell, have delicate muri fused \vith coarser rugae while
i!

the spores ofAspldotis meijolia (D.C. Eaton) Pic. Set. are uniformly reticulate hllJ with

irregularly projecting muri, In Cizeilunthes argentea (Gmel.) :rue., the muri are strongly

anastomosing:'
,~, ((

d) Echinater- The echinate form is one of the most distinctive types of spcrroderm e.g. the

strncture in Pellaea paradoxa (R. Br) Hook. consists Qfcoarse, attenuated protruberances.

e) Granuh:', "~ Granulosa sporoderm occurs in spores of Nothoiael}U aurea (Poir.) Desv, and
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Cheiloplecton rlgidum (Sw.) F ea. In both sp~ies th~ Spores are' extremely large, and the

i 'J .,

granular surface seems to overlay coarser l'eg{.lC;seor echinate material which suggests that

The frequency of rugulose and costate forms of perispore through a broad spectrum of the

((
cheila~thoids suggests that these represent some basic spore types. of species derived from a

commpn ancestral group. Other forms of the sporoderm, such as, the echinate, verrucate,

reticuf~te or granulate, may represent spec*llZations of the rugulose or cristate ferm, or tyP!1ls
'i I,\\ ..

repres~'flting other evolutionary lines.
\\

The' surface structure of the sporoderm is uniform within 'dtost species-groups (Tryon anll
(j

Tryon, 1973) and is therefore a useful characteristic for classification purposes.

The preparation of sporogenous material for both light and electron microscope studies is::; )"'f'l

known to be difficult (Beisvug, 1970) mainly due to the thick, hard spore walls which are I)
Cj

relatively impervioqs to both fixatives and resins. As noted iri the results (p, 16), a cleat 1

indication of inadequate infiltration of both fixatives and embedding material in the spores of

C•.viridis var, glauca was during the preparation of a cuttmg face on the ultramicrotome when

the contents of the spores dropped out (Plate 2, Figs 4& 5). Parkinson (1980) experienced

similar problems when fixing the yOll!\~sporl.lnilo. ofPsilotum nudum (L.)'Beauv. In an attempt o

to overcome (his problem the spores were processed using a prolonged period of fix;,tion and

infiltration in Spurr's resin. Although infiltration was successful in that P§netration. of spores by

the embedding medium was almost complete, the fixation of the spore cytoplasm was poor. The

poon fixation was probably due to the slow penetration of the fixatrve thrO~gh the spore wall;f)
\~ . 1/

(Plat~'2i Pigs) ~3). .> (, ..I(A(, \\'~qr
" "~ \~'il..~

n ~.~

~ I,

~~
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The structure of the spore wall (Plate 2) in C. viridis var. glauca is similar to that of C. odora

Sw. as described by Lugardon' (1974). Both these species of ferns have a smooth, bleohnoid
J

exospore with few noteworthy features and III thick, complex perispore, Lugardon (1974) found

that in C. odora the perispcre was composed ·uf two layers ~ the inner layer was O.4plD. thick,

more or less granular in texture and has an irregular outer margin. This layer is firmly attached

to the exospore in C. viridisvar. glauoa (Plate 2, Figs 2 - 4).

The outer perispore layeR' is thicker than t~le inner layer (in C. odora it measures between
c

O.5pm - t.5,um) and is composed of more or less discontinuous. thin plates, which anastomose,

thereby creatmg many small interconnected cavities joining to each other and to the external

environment. These cavitie~\the outer perispore layer ofthe spores of C. viridis var, glauca

are most clearly evident in. Plate 4, Fig. 4. The cristate ornamentation seen on the surface of the

spores of C. viridis Vat. glauca is due to the anastomosing plates of the outer perispore layer.

The .internal organisation of organelles in tee spores qf, C. vlridis vat. giauca is similar to that

found bY,Gnntt and Arnott (191~)in their study of g~rmination in Matteuccia stuthlopterls,

Details of their flnw.es ."j~~'inthe literature review;tp,9),

DE'VELOPl\tJlEN.[' OJll'\(fHlE FERN GAMETOPID(I'E.

Of the three patterns of spore germination described by Nayar and Kaur (1971) C. vMdis vat.

glauca follows the category known as polar ~~Ikmadon most closely. To recap from the ,
.; ./!/

W •

literature review. polar germination is when the first cell division in the germinating spore is by
<, .... ,,: .~, c.

./

wall formation parallel to the equatorial plane of the spore, elongation of the primary rhizoid

and young thallus is parallel to the polar axis of the spore (Nayar and I{aur. 1971). From Fig •

.2 on page 8 one can see.that in this pattern of germination the rhizoid grows out"xixore or less



perpendicular

~. ~ • G
to the filamentous prothallus and parallel to the polar axis "t( the spore. This

feature is clearly illustrated in Plate 5. Figs 2, 5 C't 6.

A detailed study or the ultrastructure of the rhizoid of C. viridis Val'; glauca was not undertaken.

From the.gross morphological observations made, the internal organisation of the organelles

of the rhizoid appear to be similar to those described in other fern species such a~ Dryopteris

borne; Kuntze (Dyer and Cran, 1916). The vacuole is visually the most dominant feature of the

rhizoid (Plate 4) with the cytcplasm being located primarily at the tip of the rhizoid and in- a

region approximately half way down the rhizoid. The nucleus is spindle-shaped and occurs

within the central cytoplasmic region.

II
Gametophyte development in C. viridif Val', glii~~a clearly follows the Adiantunt-type of

development described byNayar and Kaur (1911). The development of the uniseriate, elongated

germ filament composed of barrel-shaped chlorophyllous cells and bearing rhizoids only fro.n

the basal cell (shown in Plate S) is more or less standard for a number of ferns (Miller, 1980;

Nayar and Kaur, 1911; Davis. !969;Wbittier, 1965). The 'development of the gametophyte from

this stage until the formation of the heart-shaped gametophyte differs within the Pteridophyte ..

b..netailed descripticn of the various types of prothallial development which occur, as described

by Nayar and Kaur (1971). ate given in the literature review (p, 24 - 27).

It is.generally acceptet.l. that the protonemata of ferns exhibit tip/apical growth (fto. 1969;

Ootaki, 1968). The attempt to show this in C. vindisves, glaucausing Calcofluor whiteas an

indicator of where new cell walls were being depos~ted was unsuccessful. However, a distinctive

feature of apical growth is that since elongation does not occur in the daughter cells basal to
CI

u

the division plane, the cell length of these cells is fixed by tbe position where cell division occurs
'"

'in the parent apical cell (Ootald, were necessary as it was



96
obvious that only the apical cell of the filamentous protonemata of C. viridis var.' glauca

\)

appeared to elongate and "grow'while the 'C'_;:'lsposterior to this ceil remained the same length.

indicating that the,.filamentous protonemata exhibit apical growth.

The results il~ustrated 'in Plates 6 and 7 clearly indicate that further development of the

gametophytes of' C. vlridls var, glauca follow the Adiantum~type of development i.e, the apical

cell divides in such a way that a wedge-shaped il),eristematic cell is formed. Con~~ued division
\ '.(

of the wedge-shaped meristematic cell, and later the group of meristematic cells which develop

from this single cell, results in the formation of a two dimensional prothallial plate. As in Pteris

vlttata L., once two dimensional growth has been initiated; the development of rhizoids is not

restricted to the basal cell but occurs from other cells of the thallus as well (Cohen and Crotty;

1990). Further development in the region of ~~e meristem, causes the prothallus to become

notched and t·. 'he mature gametophyte the fuUydevrloped apical notch results in the formation

)1 ~f a symmetrical cordate prothallus with semicircular lateral wings.

II
~\

~ A

The Use of ImmwuQfiuitorescence Microscopy to Detemdne the Role of IVficr))tublJI~ in the
\. . ~

Transition from One Dimensional to Two Dimensional Growth.

The transition from one dimensional to two dimensional growth is thought to involve the

microtubular cytoskeleton of the cells. In the apical cell of the filamentous prothalli (which

exhibits one dimensional growth) the micro tubules of the cortical cytoplasm can be divided into
\'

two groups with one set being\~'\ligned parallel to the longitudinal ,aXIsof the, cell and the;''-'.bther~ . . ~,
.~ 'c' (J

set circumferentially aroun,i,' th:~cel1 at the region o~)the dome. In prothalli eJthibiting two

dirrlensipnal gro~~th patterns, the cortical microtubules were found to be randomly orientated

(Wada\ et al, 1990; Murata et at, 19S7}:

i\

Ii

The attempt to prove that such m;zrotubUlar arrays occur in the one dimensional and two

dimensional prothalli of C. viridis val'. glauca using indirect immunofluorescence microscopy
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proved unsuccessful due to a number of factors. From this study it can be conclud~ that before

indirect immunofluorescence microscopy can provide evidence of the micrr "ubule arrays found
I",. \

in the apical cells of the filamentous prothalli of C. viridis Vat. glauca the autofluorescence of

the chloroplasts in these cells will have to be cut down or completely eliminated hy e.g, using

a different antibody conjugate such as rhodamine conjugates since it has been foul1cUthat much

autofluorescence occurs at the optimum excitation wavelength of FITC; not fixingilie tnat~rial

in glutaraldehyde or formal acetic alcohol since these fixatives produce non specific tissue

fluorescence; or using additional filter combinations simultaneously with the fluorescent filters
_:,

(Dr Wolfe-Coote, Tyg~~ /llr~ Hospital, Cape Town; personal communication).

Once the autofluorescence problem has been solved, the method may need to be adapted to

optimi~e infiltration of the antibody and fluorescent conjugate'into the prothallial cells and to

eliminate ba(.d~g;~~n~':fluorescence' before good microtubule arrangements can'be observed. Dr

Doonan (John-Innes Instthlte, London; personal communication) indicated that achieving good,

repeatable results using the indirect immunofluorescence method is time consuming and

expensive. It was therefore felt that, since the issue ..of the role of the micro tubules in the

transition froD't one dimensional to two dimensional growth was undertal~I;lJl out of interest

rathet than as a central issue in this dissertation, time should not be spent ~1)1!lerfecting ,the

technique. This aspect of the dissertation may form the basis of another stsdy,

The ultrastruct1lltt> <Ifthe gametophyte cells of C. viridisvar. glauca show n6 marked differences
Y if· •

r,

from the ultrastructure of other ferns that have been studied (Cran, 1979; Wada and O'Brien,

1915; Gantt an~~~J{rnott, 1965).

l18IE llllEVElLOJ?MEN'lr OF 'li'llIDE: AJ?OGAMOU§ SJ?OROJ?JHIYJr:lE.

In the majority of fenw'(~:~:;'~he mature heart-shaped gametophyte has formed, anieridia and

archegonis develop towards the base of the gametophyte between the rhizoids and behind the
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apical notch respectively. Fusion of the gametes results in the formation of an .embryo and the

sporophyte develops from the embryo.

However, in C. viridl« var, glauca there was' no evidence of the development of anili.erldia

and/or archegonia but rather the sporophyte developed from the gametophyte apogamously,

No addition of nutrients such as J~lucose, sucrose Or fructose, or growth bonnone~ such as

gibberellic acid or ethylene to the nutrient media were required to induce the development of

the apogamous bud and water was not a limiting factor, therefore, it can be concluded that

under the culture conditions used, C" viridis var, glauca is an obligate apogamous fern.

In. the sexually reproducing ferns there are a number 'of steps which always occur prior to the

development of the sporophyte. One of the initial triggers in sexual reproduction tl~the
induction of :.U1th~ridium formation by the endogenously produced antheJ\dogens (Niif, 1969).

At more 01: less the same time archegc)m:~"develop on the shaded surface of the prothallus

behind the apical notch. Oil, conta~t with water sperm are released and the swiming sperm are

attracted to the archegonia by mucilagenous protoplasmic material released during the opening

of the archegonia (Whittier and Peterson, 1980; DeMaggio, 1977). The ordered development

of the sporophyte follows fertilization of the egg by a sperm cell.

In the apogamous ~ems there are no obvious or characterised triggers which give an indication
/";

as to when apogamous bud development will be initiated. Unlike the ferns which reproduce

sexually.no set developmental scheme ofapogamous bud formation or sporophyte development
,

has been recorded for apogamous ferns.

While it is generally agreed that the apogamous sporophyte develops fro~,a thickened region

just posterior to the base of the apical notch on the shaded side; of the prothallus (Raghavan,

Ii
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1989; Smith, 1938; Verd'?C'ltl, 1938), there is some dispute regarding the exact origin of the

apogamous bud.

Duncan (1941) in his study of apogamy in Doodia caudata trnc'&d the origin or the meristem

which gives rise to the apogamous bud to a three-sided apical. cell which d~velops posterior to
II

the apical notch. InYamanouchi's (1908) description of the origin of the apogamouS' sporophyte
i

in Nephrodium (Dryopteris) melle the apogamous bud was believed to originate from a single

cell on the ventral side of the prothallium a short distance back from the apical notch. This cell

could be identified due to its larger size, hr!.t(lf nucleus and denser contents.

Duncan (1943)(~quoted in Steil, 1951) studied a number of apogamous fern species and in all

J\
instances traced the origin of the apogamous 1\· rorophyte to a number of cells of the

. .if

gametophyte rather tu;W. to one single cell. Smith (1938) also noted that, while in some

instances tl,le apogameusly produced sporophyte derives from a single cell of the gametophyte

(eith,[ a vegetative cell, a component of of the archegonium or the egg of the, archegonium

(plU"thenogenesis», in other cases the a~ogal1lously produced sporophytes are first evident as

a compact mass of cells on the ventral side of a gametophyte,

Whittier (1961.; 1965; 1970) (summarised in Rashid, 1976) described in detail the origin and
il
./

development of apogamous sporophytes on in vitro cultured gametophytes of Pteridium Seep.

and Chellanthes Sw.

In Whittier's (1970) study of Cheilanthes castanea Sw, the first indication of the origin of

apogamous form was ~iaced to ameristematic centre in the tbicken.m part of the prothallus.

He found the meristem to originate from a single cell or from a group of two to three cells.

The initial cell(s) were simile, to prothallial cells in the sinus of the gametophyte (Fig 13.1 &

13.2). Thl;!cfirst division of the celI(s) was periclizal (Fig 13.3) and the daughter cells produced
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were similar to the pro~amal cells except for the presel'ce of\'n(\1IU chloroplasts (Fig H.4 &

13.5).
I.)

\ j

Figure 13.1- 13.5:"Piagn'lllrl.S of portions of the gametophyte of Ch<!ilanthes casanea near the

apical regipn showing the origin of the apogamous sporophyte from a single cell (n:wlced with

a cross), The sporophyte-cells can be dist.ingWshed from-the other cells of the glu:net0p,hyte by

t!teir smaller chloroplasts (adapted from Whittier. 1970; Rashid. 1976).

Figure 14.1- 14.l..~:-Pi!ilgra~tic enlargements of Plate 14. Fig') 2 &. 3 showing the region
;';\

below the apical notch ~eginning apogamous bud formation in C. viridis var, glauca.
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Diagra~atic representations of Pli'ite 14, Figs ~;.1j'&it (fig J4.1,14.2 & 14.3,greatly res~m'!?l,e,i,' oj
, , . . ,j \'. ' .,,/

the diagrams presented by Whittier <HMO) SIlO\iilig the "origins of the apogamou§ spof()phyte
" ,0".,,1.1 ,; .. '\, i U

in ,C. castanea: From the ph()tograr·ll~"i'~!;\diagrams mai'le of C', viridis vat. glauca the arigie of
II '/,/J) ,Ii) . '!'.., --;_./- ,.';-)~

the apogamous sPQt6phyte .can be traC~ltrtotwo to(three cells which differ from Jh~ surounding", '.'- -- - iI -_-'~

gametophyte ~j~sueonly in size.
1.-

Steil (1939) noted that the young eJ;nbryo in apogamous .ferns, frequently before the firstf,eaf

bas made its appearance, is !maoun~.led by.multicellular hairs and also:"freqUBntly'bY scales. t
agreement with this observation the glapddar, multicellular 1r~irs,are clearlyevidentcsurroundm!g

~ .
tbr>developing apogamous embryos of C.,viridisvar. glauca {Plate.,~5, Figs 4~5& 6)mld' are still

evident on the petioles and l~:f surface of the primary leaf (Plate ;~1rtgD-~.

-c.
JFlERN§. '\,

\\\\ .r=
The literature indicates that there are a pumber6'[ significant differences between ferns which

produce spor:'i?luytes sexually and those showing apogamyr-
'"I,{ (S:-., '::.'

According to the literature cine of the' major differences between apogamous ferns and those II

reproducing sexually is that the apog~\llOUS embryo is intimately connected with ehe protbl11lium

in such a way that one cannot decide where one begins and the other ends (Steil, 1951;
'\\\tYamanochi, !~08).

• k~~

Those periods of the life cycle of homosporous ferns when ce)l'1are Changing\\their manner of

growth are marked by the cells c~ncernecJ. being surrounded by consPiCUoU,~\barriers e.g. in
'.'.",1,

sporogenesis the wall enveloping the 'spore mother cell is impregnated !~ith callose, a

polysaccharide whkh appears to be a,widespread sealing agent in the plant kingdom. This wall

does not break down 1.IDtil the newly formed spore has squired at least some exine and its
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gametophytic nature is probably largely established. In spermatogenesis the walls around the

differentiating spermatocytes are similarly callosed (Bell, 1979).

Ifi oogenesis the wall of the archegonial chamber loses its pl~modesmata and also becomes,\c, ,;

'transiently callosed. During the phase of nucleocytoplasmic interaction, possibly the occasioa

on which the newly activated sporophytic genes impre;.". themselves upon the female cytoplasm,! .,

the egg becomes surrounded by an acetolysis-resistant membrane. which is likely to be

impermeable to ail but the simplest metabolites (Bell, 1979; EeU, 1961). This membrane, which

occurs at the level of the plasmamembrane, pel'Si6ts during fertilization, continuesto surround

the zygote, and its attenuated remains are clearly s~en in the common wall between zygote and

young embryo.

;;
The occurrence of these barriers of reduced or negligible permeability is uiiderstandahle in the

light of th~ hypothesis of cyclic alternation, The preparation of a cell, within the tissue of its

parent, for a different phase of growth way indeed be impossible if it continues to suffer the

ingress of informational molecules such liS polynucleotide and ribonucleotide acids. From the

view point of the life cycle, the barriers which are signiflcane are those around the spore mother

cell, in relation to the change from sporophyte to gametophyte, and maturing eggs, in relation

to the converse. Therefore at each transition the beginning of the alternative phase of growth
<:..-::!)

is a well protected event in the tissue of its parent. When the new phase of growth finally

emerges fro'iri its envelope it is evidently fully stabilized (Bell, 1979).

According to the literature there is no such barrier in apogamous ferns and one cannot initially

disting1dsh the sporophytic generation from the gametophytic generation (Steil, 1951;

Yamanouhi, t908). The study of C. ~'IridisVal'. glauco does not indicate this continuit~I' Plate 19

shows that the sporophyte tissue and the gametophyte tissues are easily distinguishable from one

another and a closer examination of the cells forni.lng the interface between the sporophyte and
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gametophyte: showed the presence of darkly staining particles in the vacuoles of these cells

(Plates 20 - ~2).The presence of this layer at the level of the tonoplast appears to form a

barrier betwe
iJll the two generations ...POSSibl~,qUiPOUei1t to the layer which surroul!\.tS·:t;he

~\:,

maturintl? egg in the ferns which reproduce sexu~Uy. OnE~very important difference between

these two layers is tbat in the sexually repl'oducing (etas the'layer occurs at the level of ilie

plasmamembrau'~ while in C. viridis vas. gl(l'lica th~ layer forms at the level of the tonoplast.

Because no autopJicgtp.~bhlc studies. were pliirformetl on sections through the flpogamous bud
(,

/' or C. Vi1'ldisvJ. glauca to indicate whether this layer does form a 'bamer to nutrient movement ..,
between the two generations as in the sexually produced embryos, no conclusive statement

regarding its function ~nproviding a protective developmdt gi~efor the new sporophyte can be
. \

made. However, the absence of plasmodesmatal connections between these cells lends support

to this possible role in sporophyte development,

Histochemical studies performed on cells showing the presence of thiR layer indicated that it

consists of the secondary plant metabolite: tannin (a complex poly phenol) (Plqtes 22 and. 23 and

p, S8).

Plant phenolics used to be regarded as inert end products of metabolism but radioactive tracer,

techniques show th':tt they are capable of c<:iilllidemb1e interconv~rsion. Sin6e they have been

found in almost all higher pi.nni:s and h{many of the lower .groups, it seems unlikely that they
c-

have no function, even though rhey are not involved in the fundament-ill metabolic processes.

It has been proposed that some phenoUGs may have no other function than to be intermediates

in the biosynthesis of more complex plant products (Smith. 1976).,

However, !lwidely supported view, and a ptobab~e 01'.6 ;01' eltpltlining the presence of this tannin

material in the vacuole of the C(~Ussurrounding the developing sporophyte in C. viridls var,

glauca; is that plant phenolics play an important role in deterring would-be predators. Bate -
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Smit& (quoted in Smi!h, 1976) commented on th; unpleasant astringency of developing peats.

The taste is clue to the presence ofuumins in unripe fruits. When the seeds are fully developed.
"

it is selectively advantageous that tb~'ifruit be edible and at~ractive -.Presum~,ply the high tannin

concentration in young fruits are a "dhvice"which discourages premature seed-dispersal (Smith,

1976).

The action or tannins extends t~ viruses, Allard (1965) (quoted in Smith, 1976) showed
'~,-,:-.

J.r

inhibition of tobacco mosaic virus byml\inic acid.

\\
Anti-mfcrobial and' anti-herbivore actJ'vity have been demonstrated from ecological and
_ .. i . .' ~

laboratclry studiea for many classes of secondary compounds found in ferns (Banerjee and Sen,
~.,

1930 (quoted in Cooper-Driver, 1983)). For example, simple phenolic compounds were found

to be, active agl!illst both fungi and bact~r1i\,'and also as actual feedins- dekorrents to non-adapted

insects (Jones ~\Ild Fim, 1979 (quoted in' Cooper-Driver, 1983). More complex phenolic
r-r.:

polyJ:l.iJrs - the condensed tannins ~were found to operate t~'reauce herbivory and played a

,significant role in the resistance of mature Ifronds to herbivory (Cooper-Driver, 1983).. «
"'===.

The function of the tannin layer in the ~elIs fonning the interface between the two generations

in the life cycle of C. v!ridi.r Val'. glauca may simply be a mechanism to prevent the hMbivory

of the young developing sporophyte and/or it may playa role in preventing movement of excess

nutrients and information between the two generations since movements of molecules would
o

only be able to occur via the cell wall or cytoplasm, with tenoplastic movement being

inhibited/reduced due to the presence of this layer. Tracer experiments would need to be

performed to determine this function.

The presence oHhe layer at the level of the tonoplast lIS wellas the distinct differences between
' ..,

the I,ens of the sporophyte genemtion and th~\ gametophyte generation lead to the conclusion
• Ilj,r:::.-- . ---,c' I -.. J

- !
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that in C. viridis var, glauca the apogamous embryo is not as intimately connected with the

prothallium as the literature would have us believe. ,

Another important difference between embryos produ~~d apogamously and those produced

~exual1y is that no' foot or equivalent structure forms at the onset of apogamoiis sporophyte
:;,_-.-- i\

development (Steil, 1951; Yattllmoc14p {90S).

It is generally accepted that in liverworts, mosses, hornworts and pteridophytes the sporophytic
. .

generation interfaces with the gametophytic generation via a foot or haustorium (Petterson and

Whittier, 1991). this foot acts as an absorbing organ since the embryonic sporophytes are

heterotrophic. depending on the ga;petophyte for carbohydrates and other nutrients (Peterson

and Whittier, 1991; Gifford and Foster, 1989;N'erdoorn, 1938). The ultrastructural features of

the young sporophyte foot region and the adjacent gametophyte cells suggests that they are

involved ill short distance transport. The lhunetophyte cells bordering or intermingling with the

haustorial cells develop extensive wall ingrowths, typical of transfer cells in higher plants

(Chauhan and Schraudolf,G1985). These transfer cells have fewmltochondda, irregularly-shaped

plastids with little starch, 11 large central vacuole and the cytoplasm is restricted to a narrow

layer below the cell wails. Since no plasmodesmatal connections exist between cells of the

haustorial foot and the gametophyte, the transfer of water and nutrients takes place soley

through the apoplast (Peterson and Whittier, 1991; Chauhan and Schraudolf, 1985).

In agreement with the literature concerning apogamous ferns, no foot or haustorium was seen

to develop ill C. viridisvar. glauca, The cells at the interface of the gametophyte and sporophyte
,I

generations (Plate 22) do not show extensive wall ingrowths which are typic~l of transfer cells

and, although the plastids were irregularly shaped with few thytakoids. they contained large

compound starch graL\).S. The large vacuoles ill these cells restricted the cytoplasm to the
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periphery 91i~~cell and as described above the most siguificant feeturc in these cells was'the
r, ,'>- \\

h ~ ~

.tannin . layer w~ch occurred at the level of the tonoplast.

II
Another chafucte~lstic given to differentiate apogamous embryos from sexual ones is that the"- - .

\.

vascular tissue of tl,\e sporophyte is in direct connection with vessels which lie in the prothallium

(Steil, 195fl~\ya~\?chi, 1~08).

/)

Plate 1.7 clearly sho\1Ysthat in C. viridis vat. glauca the development of vascular tissue is

restricted to well wi~in the cells of the spo~ophyte as defined by the tannin border formed

between the two geneti\tions. No vascular tissue was seen to occur within the prothallial tissue.

t.

The order of'appearance of organs from the sextml embryo and theapogamous embryo differs

(Steil. 1951; YamanocW'~ 1908).

l-"

lihe first organ -~ " clearl~~distinguished from embryos produced via" sexual reproduction is G

the foot, While the foot is i1 ~ process of fanning the leaf initials appear in a position lateral
\ "

and distal to the foot. The st~!U and toot initials form one to two days after the differentiation

of the leaf initials. Approximately thirty days after fertilization the root breali~ through the

calyptra and about two days later the leaf straightens out over the prostrate prothallus (Sheffield

and Bell, 1981; DeMaggio, 19'71).

ill C. viridis vt.-.:e >glauca root and shoot apices differentiated almost simultaneously from the

apogamous bud (Plate 16, ng, 2). The primary leaf appeared firs,~~foUoV!i.:ydby the stem initial
q
/,

and other leaves. The roots' only developed at a later stage once two to three leaves were
. ~l

relatively 'well established. This order of appearance agrees with the observations made for

other apogamous femll (White 1979; Lawton, 1936).
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The leaves of the apogamous and sexually produced sporophytes are similar with long, thin

petioles and blades that only constitute 11 small fraction of the leaf length. The leaves a~~

however believed to differ in the number of lobes they bf1~,e~withthe blade of the first leaf from
(~_l

the apogamous sporophyte-.heipg three-lobed rather th~ the two-lobed condition which 'is
,;"

typical of sexually produced sporophytes (Vllh"n~r. 1976;Duncan, 1941). Plate 17, Fig. ,~and

Plate 18 clearly indicate that in C. viridisvar. glauca the rust l~fproduced from the apogamous
c

bud is two-lobed or else is entire, hut.in'!,no instances are three lobes observed. This

cbirac;teristic of the first leaf cannot therefore be used to distinguish apogamously producedI .

Isporophytes from those produced sexually.

GENETKCS OF !HE GAMETOPH'YTE AND APOGAMOU§ BUD.

Apogamy results in the maintenance o'f~tne sporophytia: chromosome number in the

gametophytic generation (Sheffl~ld and Attree, 1983). From squashes of young gametophyte
::?

tissue a chromosome count of sixty was obtained. The numerous attempts made"to ~btain a

chromosome count for the sporophyte generation Le. squashes of young apogamous bud
:_:;

material and" squashes; of cells from the first leaf of the apogamous ~orophyte, were

unsuccessful. This was possibly due to the pretreatment time being too short (~lthough in the

final attempt, the. sporophyte tissue was pretreated for three hours and still no chromosome

spreads were obtained) andlor by this stage ill development the cell wall was too thicl~for the
r, v. -~' ',,_ \ ,;...--:--/~:;:

solutions to pen~~rate sufficiently. Most chromosome counts of the sporophyte ~enerat~: .~~
'. '/-1[

obtaineq from toot squashes. Itt!this study, however, the roots of the young sporophytes were

few, very small and diffi~ultto work with. The number of times the squashes could be repeated

was therefore linrited and the attempts made to get chromosome counts from these roots were

unsuccessful.

Since no actual chromosome count was therefore obtained for the sporophyte it cannot be said

with one hundred per cent certainty that the gametophyte and sporophyte of C. virtdis var,
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,.,~lalfcahave the same chromosome number, However, this can be deduced from a number of
.Jf

factors which '~I1~ t.ViQf;~nt in Plate 25, Figs 5 & 6 and from the literature. Plate 25. Figs ~:& P,
'y ". . . .."\ ~

"v., ,,-

show the nucl~; (~f~}~llletophyte and a sporophyte cell respectively. Measurements and
_:,,:-";'

observations madi· .from these photogrnphB arid from numerous other. sections which' showed

the nuclei of the respective generations it appeared that the size 't32,5 ± 4,55].lm for the

gametophyte and 40,3 ± 5,8 pm for the sporophyte) and density of the nuclei from tb,e two

generations 'are v~ similar therefore suggestin~iliat the amount of nuclear material found

within the nuclei are similar.

Perhaps a more- relevant or reliable indication that tfie chromosome count of·.sixty obtained

from the gametophyte cells is the diploid chromosome number of the sporophyte is information

obtained: from ..the literature. Walker (1913) indicates that a number of families. within the

Pteridophyta are .cytologicaUyunifonn f?g.Marattiaceceserisu lata, inwhich all the genera have

been exaIllUnEl.?are based on a chromosome, number of forty, or Osmundaceae in which n ==
\\ ~

22 appears to bs the invariable rule. Genera such as Pterls L. ,Adiantum, ~,and Cheilanthes Sw.
. ~~

\\
possess chromosome numbers based' on twenty~xq~e and or thirty. '!'B.i&, group is referred to as

the "adiantoid ~1roup",Generic records for pIal )s ,belonging to the"adhmtoid group such as those

for Adi~lItopsiS radlata (L) Fee with 2n ;""60 or for ~e_JJ!:!I!.(eriswerneriRos. with n == 29. serve
'C,

to "emphasize this consistency,

It would therefore appear that a haploid chromosome count of approximately thirty and a

diploid coun~, of approximately sixty would bl:(, considered the norm for the adiantoid g1'OUp.
C::i "\

Chromosome co\mts of other species of Cheilanthes also subs~tiate this e.g, Cheilanthes

alabamensis (Buckl.) Kunze has a glfmetophyte count of thirty, C. chipinquensis I<Robl9ck has

a sporophyte count of tiny eight, C, [arinosa Blandford and C. mademsis Lowe have C'

gametophyte n = 30 and sporophyte n == 60 while in C. maransae (Cav ..J ~ISP.subcardata (Ca.,,<), '\ 1
)
If.,
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Benl. and Poelt n =r 29 for the gametophyte and n ~ 58-60 for the sporophy~e (Moore, 1967~
o

1971).

It can, therefore, be concluded with some certainty that in the obligatel), apogamous fern q.

viridis vat; glauca, the gametophyte and. the sporophyte have the diploid chromosome number

of siXty,

One of the major advantages that the apogamous Jttode of reproduction offers. to ferns is that

water is no longer essential. for fertilization to occur (White, 1979; Whittier, 1965). Considering

that C. viridis vat. glauca grows primarily in rocky areas such as on ledges in crevices of cliffs

~d at ~e base .of rocks whete water is relatively scarce, this feature of apogamy would
\'1

definitely :~e of advantage to this fern.

Another advantage of apogamy :menti~ned br_Antho~~ (1983) which applies to C. viridis vat.

glauca is that the elimination of sexual rep;~~~ion by apogamous plants enables them to
1(:"

retain aU the accumulated genes which. favour survival in that particular. habitat i.e, to the

relatively xeric conditions where this fern grows.

Bei,ng apogamous thetefo,l'6 eOl!}iies C. viridis val'. glauca to inhabit drier regions where

competition from other ferns, and plants in general, for~:' rr, nutrients and space is limit'lxt •

.;

( )

(
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The primary aim of this study has been achieved.: 'this dissertation describes in detail the

development of the gametophyte of Chellanthe« viridis var. glauca from the time of spore
" \,;

germination to the formation of an independent sporol,'byte. It can be concluded from this study

theft, under the culture conditions used, C. viridis vat. glauca is an obligately apogamous fern.

The other aims (stated in full on page 2) of this dissertation have been achieved in thatt-

1) The apogamous bud was found-to develop from two to three meristematic cells located at

the base of the apical notch;

2) A tannin layer was located at thy.,level Of the tonoplast in cell~ which separates the "

developing sporophy~e from the surrounding gametophyte tissue ~such' a layer h~!{{dtbeen

reported previously. This layer differs from the lipophilic layer found in sexUall~'eproducittg
, 'Ir

ferns in that it does not occur at th!:11evelof the plasma membrane and may have a different

function;

3) The apogamous sporophytes produced by C. viridisvar.gkllibadiffered fro~ the sporophytes
/1

produced via sexual repteduction in ethel? ferns in that no foot w~ seen to develop and' the
I> . (")

!J
leaf was t~e first organ of the sporophyte to develop with toot .formation occurringjmucb

later in the developmental sequence.
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PLATE!

Scanning Electron MRcrographs of the spores .nt C. viridis var, glauca.
". '" ~ l

Figure 1:~Spores in a sporangium.

figure 2:··A dorsal.view of a spore showing the trilete ridge (arrowheads),

Figyre 3:- A lateral view of a spore showing the cristate ornamentation of the perispore.
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F'LA'fE2
Detai1s of Une'inten:mlstructure and 'WaRlof the ~potr'~ of C.vJridis;tl,ar. g~.

I.:igyre 1:•.A semi-thin section through a spore sh.owing the position of the nucleus (n), vacuole
1;:;::':"'- . ~

(v) and lipid bodies (1). The surface ornamentation of the spore is due to the
\~ . o .'

patterning' of the perispore (snowed) while the exospore gives rise to the trilete

ridg~ (arrowheads).

f.igy.le 2:- The perispore consists of two layers, the outer "inyer (p) being Je® firmly attached

thlUl the inrier, granular perispore layer (arrowhead), The e'tl)spore (e) is ~mooth

an.!l the clear layer next to the plasmalemma of the spore (arrowed) lJ.'lay he a second

exospore layer. Lipid bodies (1) ar~ outlined within the spore. -:

Fi~ure 3:- The two perispore 'layers (p &, arrowhead) are seen lying nlii,Ktto tltt, smooth"
I.'
o

exospore (e).1! Small lipid vesicles are located towards tM\ periphery Qf the spore
"(arrowed) .and larger lipid bodies (1) towards the centre' of the spore.

fjsure 4:- The eris~te omarnentation of the spore is due to the cavitif.S formed (arrow) by the

anastottlJ.).Sing plates whlch make up the outer perispore layer (P). This outer

perispore layer has pulled away fr901 the .1lOte fmnly attached inner perispore layer
(arrowhead). 'The contents of the spore ('~) in\~h1s section have fallen out.

Figure :;:~ Details of the plates of the outer perispore layet;!
. d
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fLATlE3
lEal'ly stages in the germination of C. 'lIiridisvar. g~.

Figure l:-Imoihed spore packed with ~esiclf~. the majority ofwbicp. appear to be lipid bodies,

Figure, 2:- After three to four days in cB-Itl:!re the rhizoid (1') eme~~es from the spore.

Figure_d:: Emergence of the rhizoid causes the spore wall to split along the trilete, ridge
\::-

(arrowheads).

Figt!re 4:- Lateral view showing a squashed spore. The spore coat splits along the trilete ridge,

figure 5:-The major part of the cytoplasmic contents of the spore remaiss within the prothallial

initial.C;pr).
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Figure l~hThtY presence of a large vacuole (v) causes the, cytoplasm to be restricted to the
(; ~

periphery or the rhb;oid (arrowhead). \\
- c \

fj_g]J116 2:~ In tbe centra! region and at the tip of the rhizoid (arro{vheads) there is 11 thiclcening

d~cy~~~ n

Figure 3:- Peripherally situated, cytoplasm or the rhizoid (arrowhead):

flill!r-\~:-The nucleus is present in the central mass of cytoplasm ('~).

~\: ..The spindle-shaped nucleus of the rhizoid.
~. \\',

;E,igyre 6:-.Lipid drgplets (arro\lvhe.~d) "ie often seen within the dense cytoplasmic regions.
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JPlJLA1'JE5
the devel(l~lll1leli1ltof a filamentous protb211us.

Figut'e 1~~The prothallial lnitial (pr) which emergeS aft~r five to six days in culture and gives

rise to the prothallus,

Figure 2:- A three celled pr0thaUus with one basal rhizoidal cell.

;Figure 3:· Cell wallstarrowheeds) perpendicular to the lo.ngitudinl11axis~fthe filament 4ldls:ate

perpendicular cell divisions.

Figg.rt~:.~Eight celled filament.

~:- Strands of chloroplasts (arrowhead) radiating from a central nuclear region (n) 'of

the apical cell. The rhizoi4.f~r) gro~s out perpendicular to the filamentous profuaU~s.
/, )

FJgure 6:~The nuclear region (n) is evidetJ't Ut the apical cell with the chloroplasts radiating
z " .\f~rmt4~sregion (arrowhead), Lipid vesicles are evident throughout the proiliav..us.

Th ",dl .\1\ t.! id ( ) 'do h fil 1e )ffllImt'),\ 'l'l!lZO~ t emerges at tunety egrees .to t e a:!l1entons protha Ius.
:,J . (,. ..
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FlLATEC

Apicalgrowth iri',~iefilam~'ts of Co viridis var.~ghucu_

f?
Figure 1:..Fluorescesbe of the cell wan after binding of calcofluer white to cellulase

(arrowheads) and autofluorescence of chlorpplasts (red),

Figure ~:- The entire prothallial wall (arrowheads) fluorescing when initially exposed to

Calcofluor White.

Figure 3:- Autofluorescence of the chloroplasts masks)he effect of the Calcofluor White I"~>
( ')

fiuore£cence.
"Figure 4:- As the dye fades rapidly only autofluorescence of the chloroplasts is seen in this

\~. \1o ierozrauhl111Crograp ,
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FtA'I'E7

The initiation of tWo dimensional growtb.

Eigure l:~ The apical #i.1ion of the filament showing oblique divisions 'ijhich fol'!P a wedge-
Ii ~~i ,(t)

shaped wrd-istematic cell (w). , ;' '
,/' '':: .,(,,",

Figure 2;-1'he ~rrowhead indicates a wall formed perpendicular trIhe division Pteced~ it.

Rhizoids (r) are 'seen: to arise from cells of the filamen~ otMrl,tban the m~st "6asal

ones,. 'I'
Figure 3:- Two ,c.imensional groWth continues down th~ filament. The we4ge-Sbap~f1

meristematic cell (w) is still evident at this stage of two dimensional gr~ tho

Figure 4:~ Basal '6ells of the filament (arrowheads) !:Irethe last to show'rhe trans~~on to two

dimensional growth. Rhizoid (r) formation as in Fig,'i!'is!lo longer t'ricted to the

most bas~},cells of the filament. .... fa . . '
Fi_gure5:.-A. two dimensional prothallus, taken ,-''Sing Nomarski interference op~~~~,showing the, . . () Ii

wedge-shaped meristematic cell (w). "

Figure 6;- A group of initial cells (arrowed) now constitutes thesmeristem, J~aslil..celIs of the <,

filament still do net show two dimensional growth.

Figyre 7:~A one cell thick, two dimensional prothallial plate •.,.
!b=;'~'
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)PLAtES!
Final stages in the de~eloPtllent of a cordate protlnaUus.

figure 1:~A notched region (arrowhead) which develops in the region of the meristem,

Figure 2.:~A detailed view of the early stages of developmelit of the notched t, ;'ion of the

prothallus.

figure 3:wA distinct notched region (arrowhead) is evident after the gametophytes nave been

in culture for approximately thirty days.

Figure 4:- The apical notch which forms due to continued development in this fueristemntic

region. ((
.fi.gure S:~A mature gqmetophyte with It median midrib and semi-cir~ular lateral wlk" gs," . I:

\1 ~
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\::dae use of indirect immwrm!t1llllotescence microscopy t~viewthe microtubular' ruru'o1Jffigement
\'; .

in the fiiamentollllS proiliaUi.

Figure 1:· Autofluorescence of the chloroplasts masks the fluorescence of the microtubule
(\ -:;

arrays.
Figure 2:· The control slides show a vast amount of autofluorescence caused by the chloroplasts.

Figure 3:.,.The more basal cells e)') of the long prothall! culturedsunder reg light showed little
o

autofluorescence, .but were (~ollapsed, therefore, although gener~! microtubular
'-) I......"

c"\sfluorescence could be discerned, no individual micrott.lbular an!f1"sCwerevisualised.o .. . . . ~

Fi (Jure 4~~The api~~l cell of a long filament showing only autofluorescence of the chloroplasts.
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PLATE 10
;\U!trastructural details of the ~acuole and nucleus of the gametophyte cells of C, viridis

vat. gla~ca.

Figure 1:~A cross section through a filamentous prothallus showing the position of the large

vacuole (v), the nucleus (n) and numerous chloroplasts (C).

Figure 2:- Gametophyte cells showing the vacuole (v) which is an obvious feature.

Ei,gure 3:~ The nucleus (b) showing a gtanular nucleoplasm with clumped heterochromatin,

F,igyre 4:( 'Qle dat'I<regions within the nucleus are heterochromatin, A glancing section of the
'\ . .J

nucleolus (arrowhead) can be seen.

Figure 5:- The nucleus (n), surrounded by ll. douple membrane (arrowhead).
i)· (] . . ~.I
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PLATEn

o

Figure 1:. Typical mitochondrial profi'telt(m) which are commonly seen throughout the

cytoplasm.

Figure 2:-Elongatea mitochondrion (m), showm~the surrounding double membrane and cristae

which are somewhat expanded (arrowheads).., 0

Figure :3:-The matrix surrounding the uniformly distributed dictyosomes (d) and mitochondria

(m) consiGto primarily of (\'bules of endoplasmic reticulum (arrowh~d) and
o \t'

numerous ~mall vesicles.

Figure 4:· Layers ofendopla~'}1ic reticulum (arrowheads), CO:lfl!nonl;yseen in the cytoplasm of

the gametophy!e cells show distended cisternae.

Figure 5:-:Myelin-like structure (M) found close to the ce~lwall (ow) in It mature gametophyte

cell.

~: ...A myelin-lik:e structure ,$.VI) ,~nthe cytoplasm of a gametophyte cell.
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PlLATEU

Tine chlofQplasts of the gametoj)}by~e eells, ,~__ .'

Figyre..l:- A surface view of gametophyte cells (using Nomarslti interference optics) showing

the chloroplasts crowded around the cell boundary (arrowhead),

Figure 2:~ A section through a filamentous prothallus confirms the chloxQpJast,s' (arrowhead)

peripheral arrangement.

figure' 3:- Chloroplasts (C) containing laige starch grains (S) and osmiophilic droplets
(,\

(arrowheads),
_, ... . A

Figure 4:~1n cross » section the chloroplast profiles (C) are round' while in longitudinal section
';'1 \'. .. .,

they' are elongated.

Figyre 5:~A double unit membrane (arrowhead) surrounds the ch1orop~~t - the chloroplast,.
envelope. The [Joubl~ unit membrane lying adjacent to tl:t~ ch1oroplast envelope

/' t;

(arrowed) is probably chloroplastic endoplasmic, reticulum.

Fjgure 6:" The thylakoids which occur singlY (arrowhead) or aggregated into grana (G).

i.)
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PLAtED
mtrastroc~aJ detlills of gametopbyte cldoroplasts.

Fi~J.re 1:~The .thylakoids lie in the direction of the longitud~al axis of the chloroplast.

Osmiophilic droplets (arrowhead) commonly occur in the stroma of the chloroplast

Figure 2:~Large starch grains (8) which may occupy a large volume of the mature chloroplasts.

Fil!Ure 3:~Triplets of microtubules (arrowed) are, seen lying between the chloroplasts (C) and
o . ~

the cell wall (cw) of the gametophyte ~Ils. <\
\ , \

Figyre ..1:~Starch grains (S) and lipid droplets (arrowh,~d) are ob~ibUSfeatui'es inmature

chloroplasts.

Figure 5:" Mitochondria (m.) are often seen closely associated with the chloroplasts' (C).

(7
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Ft,!ure 1:~The apIsal notch of a mature gametophyte, "
:"\ .

fi<mre 2:wThe meristematic ~~,?n at the base of the apical notch (arrowhead) after about ~f0rty

five days ill culture.

lE,i®re 3:~The cells of the rneriste1)latic region (arrowhead) which are smaller than those o!"lbe

surrounding gametopbyte tissue,
c

Figyre 4:- A detailed view of the meristem showing the small size oF~he '(lells (arrowhead)

relative to those of the gametophyte tissue.

Figure =2,:-Divisions in the meristem cause It eel] plate to be laid down at the base of the apical

notch.

Or,J!te 6:~Higher magnification of cell p!ate.
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l?LAl'E15

Figure 1:~A dark-green region, the first indication of bud formation, develops at the base of

t, the apical notch.
Figure 2;d The "thick cushion"'1ikeregion or npegamous bud which forms as a result of cell

divisions at tlll~ibase of the apical notch. o
;,

Fiwe 3:- Mtdticellular hairs (arrowhead) which develop around the apogamous bud.~ .. ... .

Fi!!Ure 4:-Details of the multicellular hairs (arrowhead) surrounding We developing apogamous
'., .......~

bud.

Fi!!U~,~;~ Increase in size of the upogamous bud is seen with the concomitant increase in

number and size of ilie multicellular hairs.

Fi!!Ute 6:,.A mature apogamous bud (a) with its surface raised above the ~ametophyte and

surrounded by numerous multicellular hairs (arrowhead).
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lFLATEJt6

'.ii'heappearance of the rnrs~Reat from the"8jp1ogamous'bll,ul.
q,

o

FigUre b A mature apogamous bud (a) at the base of the apical notch.

~:~ Root (R) and shoot (5). apic~$. These differentiate almost simultaneously from the

apoglltnOU$ bud, (a). k
fllm{~:" The first-leaf of the apogamous sp~topbyte which I,;\rlsesfrom. the apogamous bud

after about two months in culture.

flg:uA.1:- The first leaf which emerges directly from the ap9gamous bud,

FJgt.tre 5:- Elongated structures containing <.Vasculartissue often develop from the apogamous

bud.
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The !first leaf and ilie vru;cm<llWlreof the sporophyte.

Figpre l:~ Multicellular hairs (arrowhead) present at the base or the first leaf.

figure 2:· Multicellular hairs (arrowhead) present along the petiole of the leaf.

Figure 3:~The first leaf which is bilobed, 'The multicellular hairs (arrowhead) are evident along

the petiole of the leaf.

Figyre 4:~Multicellular baits which appear to have glandular tips (arrowhead) are seen on the

leaf surface.

Figure 5:~ Vascular tissue of the apogameus sporophyte.

Figure 6:·Sectioned annular tracheids (arrowhead), commonly seen in the centre of the leaf

petiole.
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lP'LATJ818

Development of an independent sporophyte,

Figure 1:~Three wen, developed leaves held erect over the gametophyte (g).

figure 2:~The distinct venation of the leaves (arrowhead) indicates, the development of a

vascular system.

Figutti:~The root (R) which appears once W/O to three leaves are well established. with the

gametophyte (g) still present but becoming necrotic. Gametophytes at this stage of

development are approximately six months old.

Figure 4:~ Except for the first leaf, the appearance and development of all SUbsequent leaves

show the characteristic pattern of circination (arrowhead).
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l?LATE19
Details of the cells comprising the apogamous sporophyte in C. viridis var, gltmC(K. o

5m.u:W:~The apogamous bud (a) is embedded in gametophyte tissue (g).

Figure 2:- A longitudinal section through the first leaf of the sporophyte (5). The, gametophyte

cells (g) are large.
"'"'Fi!!Ure 3:~ 'The cells of. the sporophyte have \:\,centrally situated nucleus (n) and-e.large number 0

of chlq!PJllasts (C).

Fi!Zure 4:- The cells of the gametophyte have a large vacuole (v) and peripherally situated

chloroplasts and cytoplasm (arrowheads)

Figure 5:- A meristematic region (me) is evident towat...;s the apex ofcthe apogamous

sporophytic outgrowth,

Fi!!Ufe 6:- The nucleus (n) or the meristematic cells (me) occupies the majority of the cell
Ii ,I

"volume.

Fi!!Ure 7:- The cells of the meristematic region (me) of the apcgamous region are elongated and

smaller than the surrounding sporophytic cells.

(\
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DemiR;' (f the Itells j~ltthe inr;rface off the Slfi~I!'CJ!llh3'tic ~nd gr'~\etopJliYti(·~enelt'2;tions.
• 1' r( o .• ,.,

( ,) I,~,, fn 0

Figure 1:~Dark osmiophilic material (arrowh~~) present lithe vacu?Ies of the cells-forms

the boundary between the gametophyte ru:(~ the apogamous' bud.
;, - Q:!

Figure 2:~A distinct boundary between the gametophyte and sporophyte generationa whlt;h'ig..
'''(}bnned by a darkly staining mate'ri~I (arrowlleads) in the vacuoles of the cells i>CCuts

ar'the interrace of the two generations.

Eigyr~ a:~A meristematic cell (me) of the apogamous sporophyte showing a centrally situated

nucleus (n) and vacuoles (v) which are d€~'ldof the osmiophi~~c{ayer.

Figure 4:- The arrowhead indicates the presence of darkly staining material in the cells of the

apogamous sporoPhyte. F
Fi~re 5:- NoHarkly staining layer at the level of tp~j tonopla.~t is no~~ ~,the cells of the

multicellular hairs (h) which surround the developing sporophyte.

Figure 6:~A thin layer of osmiophilic material (arrowheads) is shown at the level 01 the

tonoplast in the gametophyte cells '{g) in the Vicinity of,the apogamous bud and or

sporophyte.
(/
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lP'JLATE21

The d!epositllo1Il\II)ltilie osmiopbilic layer in tbe 'VlllCi,mUCSof th~ cens Qccurrli1ig at the
" interface of the gametophyte and sp0irOphyte generations,

Figpre 1:~Small, daddy etaiUmg drl)plet$ are seen on the tonoplast (arrowheads) in the

garnetophyte cells close to the apogamous bud.

Fi!!tl1'8 2:· A ,~porophyte cell showing the"deposition of oSmiophllic material (arrowhead) on the
o ()

tonOflast.

fig!lre.,R,:. The osmiophili9 material is cleady laid down/on the tonoplast (arrowhead), Som;)}
r::-:l IJ. Ii '.r

,) material can be seen within the vacuole. ')....

Filmre 4:~Increased depositiun of the material on 111etonoplast :tolder cells of the apogamous

bud. 0

Figyre 5t..r n~~.';I}roplets" of os'1liophilk material are laid down so close tC' one another that an

1'.0.' st entire layer IE;formed on the tonoplast (UrrOwh~a.d). The vacuole (v)' is
~~k,ed with granular material which may condense on tQ,e tOll\:<,.1:)lastto form th~

layer,

~:~ A detailed view of the' layer formed at the tonoplast of a mature celt in the

apogamous bud,

o
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Tife,11""''','''' ~ d.. _.plillIOlayGt .. """,II>! tho a-phyio ..., '~,~lMpRly~
~. geB1emi!io.m Mil C. "tools Vl3W. lJk4!JJCB. "

Ftl;W,.tqU:~The lm'()wh~n&, indicate ibe presence pr a truck osmiophilic layer sunoundinj! the

oVL1.Cuot~~ofm.a¢Ure cells ~ till} apopt ..m!(JU8 bud.

Figure, ~:~ A boundary which forms between the sporophyw (5) and gometophyte (g)

generations is seen dUe to the presence of periphelttUosmiophilic bodies in the vaenols
"of these cells. 2' (I

~:- Mature apogamcus sporophyte celliiiwith their vacuoles (v) f.i.lIed with gJNU1ulnr

material and a d~tmct layer pres$nt at the level of the tonoplast (arrowheads), 'The
(\

plas[ids (;:') m these cells filled wit~c6mpo\l1!),dstarch grains,

Fir,yte,4:- The gametophytlil tissue (g) mad sporophyte tissue (1.1) are easily di'wemible due to

, the presence of cells with a thick tOlloplastio layer whicb form a boundary between ili~
''''" . '~

two g~llerations. ~ "
o

fjet!i't'I 5:~ The osmiophilic layer (ar.rowbetids) is pri)minent in two - three layers of cells lying

,.between the typical sporophyte (s) and gametophyte (g) cells. ,

, \
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r,

Histochemical identification of the osmiophilic partleles wlJich forms the layer on the

tonoplast of eells separating the gamctophyl:e and sporophyte generations.

Figure 1:~The particles within the vacuole (arrowhead) stain deep 'blue with toluidine blue. I~

Figure 2:-The starch grains (arrowhead) within the chloroplasts stained pink with the periodic
jeW"1

acid-Schiff's (PAS) staining reaction (They appear red in this photograph due to the

use ofN0tnarskrfhterference optics). The nuclei and particles within the vacuole did

not stain at all,

Figure 3: ..The proteins in the nuclei stained blue (arrowhead) with the aniline blue black w,hile

th(l starch in the chloroplasts took up the PAS stain and appeared pink/red

(arrowhead) when viewed under bright field. The particles in the vacuole, were

unstained,
o

Figure. 4:- The combination ofthe PAS and aniline blue black staining ter,bniques stained the

starch in the chloroplasts (*) deep purple and the nuclei blue (m,l '-'wed), but the

particles within the vacuoles remained utlstain~d (arrowhead). These o~lour reactions

were observed using Nomarski interference optics.

Figure 5:~ S,ections stained with PAS and aniline blue black showed the starch in the

chloroplasts to stailloa maroon to deep red (lM'ge arrowhead) and the nuclei to stain

blue (arrowed), while the particles within the vacuole (arrowhead) did not take 1;1'

either of the stains.

Figure 6:~ Periodic acid Schif;t(PAS) control slide showing no staining of the starch in th.e

chloroplasts. The n{.clei stained blue (arrowed) with the aniHM blue black.

figure 7!~A control section fO\1 the aniline blue black staining technique showing no staining

of any of the organelles when viewed with Namaski interference optics.

~.!: ..Bright field observation of an aJiline blue black control slide f:lpowing that no

organelles stain and the particles in the vacuole (arrowhead) reflect the light,;

Ii
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SlU'ramn fast green ~d Sudan Black B stromng reaction of the layedn the

deveRoping apogamous bud of C. yiridisvar. gla'14ca.

o

fjgure 1:- The layer-forming particles (arrowhe~d) s~in a brownish -red When treated with the

, safranin and fast green.

Fi!!Ure 2:- With Nomareki interference optics the particles within the vacuoles appear purple-
9

blue (arrowhead).» The starch within the chloroplasts stains blue and are highlighted
,D· . . "

by this staining technique,

Eigure :3:- 'I1!5\particles within the vacuole (arrowhead) of the cells surrounding ih~ developb1g
-;~~~- "

apogamous bud ostain pink/red with ~~) Snfranin fast green ..staining technique. \jl "

E!gure 4:- Usini~ Normarski interference optics, the particles within the vacuole stain pale .p~nk

(arrowhead) when treated with Sudaft\l~lacl( B.

EigJlre 5:- At higher magnification it can be seen that tlte particles within the vacuole
o

c

(arrowhead) stain pale pink with Sudan Black B. The chloroplasts (,:,) appear

=cerise/purple due to-prier staining wifu·PAS.
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Figure 1:~ ChrOl:l10sonw spread in a protbaUial cell;

Fi£!ltes 24:~ A through f) of ~~~rnetoPhYte cell at high power showing a chtornosome

spread. The, chromosomes ~cre counted from tracings from these photographs.

Figt.lIre5;- Nuclei of gametophyte cells. The nucleus on the left (arrowhead) is undergoing,

division.

Figure (i:- Nucleus of a cell from the first leaf of the sporophyte.
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APPENDmrr

20mM Tria • Hel " ".",'" ..,'." ,'" ... ' •• II!'." " ... ". " .. ",. •• ,'." 2,42g

20(')mIvI NaCt ••••• , ••••. : ••••••••••••••••••••••••.•. -; •• 11,69g

O,5wg/ml Na:BH4 ••.•••••••••••••.••...••••••....•••••.. 0,5g

0.75% (w/v) nSA \1
• " , " ... _I' ' , "" .. , " t , , , 't " '. , .. '• ., i '. "'" , ~ , , " , " " " .. 7,5g

0.1 % (wrv) Gelatin .•.••.••••••.••.• '•.••••• (j • • • • • • • • • • • •• 1,Og

Distilled '~.rater •••••••..••...•.••.•.•.••...•.••••..•.• 1000m}

EG'Jr A Jlluffer

5ml\11 EGTA ,,_. t , .. it,' to " .. , .. , ~ .. I' , .. '(I .. , " .. " It .. " " " , .... , , " , , .. jjo " "" O,07g

2 % (w/v) Driselase

50J.lg/tnl Leupeptin
,~1

, _. -, " " '" iI " " Ii. ill .. " '•. , , '" .. , " •• ' .. , '... _._ 'II' ii' .. •..••. 2,5mg

5 % (\'iIlv) Mannitol " " , .. -.' ~ .. '" " .' .... " '. 'II' , _... , , .• _. , " " " .... " .... q. , , ,," 2,5g

Distilled Water ••.•.••••.•••••••.•••••.•...••••.••.•• . •. SOm! 0

O.lM PIPES - KGB: •••• ' .••••.... , ..••..••• ,........... 30,24g

ImM l\1~C12 '. " , .. , , .,i, , , ...... , .. " .. , , " •• '.' 10 " .. II Ii , , " , " , " .. , " .·11 "" O,21g
~.

1(r6g2c~J
0.01 % (v/v) Triton;:'1,{100 •••••. , .••••.• " .••.•••• , • • • • . • • • o,~

'-\
Distilled Water •••.••.••••••.•.••.•.••••.••.•••••••. ~•. lOOOml

SmM EOTA it .: " , " '" • ~ '" " •. " " it 11 ••.• , io ..
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A) Monobasic S()ro~~ phosphate ••.•.•.•..•• , .....••..••. 27,8g

Distilled Writer ... " " : II ;;; 'l: "'- ~ If __ - ·t ,,- '" ~ .. lOOOml

B) Dibasic sodium phosfhate

(N~BF04.7H~O •.. <,I < •••••••••••••• '" ",' •• , •••• ',' • 53,65g

or NJ\zHP04.12 H20 .••••.•.......••..••.•...... :~\ 71,7g)

Distilled Water .••.• '. / •.• c •... 9 •.• ~ lOOOml

For a buffer solution with a pH of 6.9
,',

Stock solution A ••••

Stock solution B

~ -' ....... :" .. II •. " t· .. '" ,. .: t" , OJ."" ••• : , ~ " ..- -45ml

.SSml
0'

.... CI' _'" • " " " ~ •. o· " " .-. ;, _ .. '" .f-

Alcohol (%)

75

50

25

Add in orden-'

r\
) ~, l\

~~1\l:Jf)DJlNG PROTO cot WORElLlECmONMlCRO~~~PY
!j~ " ' "
TaU,le 2: The Infiltration of Fern Gameto:Qhytes with SPU1';,~Resin.

50 16
.:

7S 6
I"~

100 16
, j100 6

-';;--

\,
SPIiln"S Resfum(Spurt, 19(1)

ERL 4206 .••••..••••..•.•• ';' . . • • . • • • • • • . • • • • . . . . • • • .. lO;Og

~DER·136 -, ii It " III: ,. " • ,.- II -••• , _, ~._ - - .' ,I .- ,.. ". .. -. J)·,Og,.....-- ,\

• l~~SA ,,, ;. ,. It t ._" " ~, '" It ·26,Og
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NSA '" " .... t, It 01 .... ' .. ,., • " ~ ,. ... ,. ... ' ,.' ~." .... """ ",. .. jI ... 26,Og

8-1 .•• 01 ...... .., .. " • . . • • • • •• . ,. O,4g

Leave on ~ Jl1l!.gr1eticstirrer for half an hour before use, If refrigerated it has a shelf life of

three to four days.

100% alcohol ••• ,~ ... .t fo ... ' f' '"' .... ', ..... t'""""."" 'iii " •• ;0" III" • 300m!

Glacial acetic acid .,,,,, .. ",,,I' ••.•.• 'Ii ""' .. " Of."." "....... to. I ... ",. .... t" .. " .. • 100ml

Stock solutionsr-
"(J

Jf
II . 109

A) Macronutrients

.. II .... " " '" ... AI .. " ~ "II'. '" ''II- '. ,. ' .... ' II .. , •. , , ~ ...... " .. ., ..... , .. " Ii ,. ..

, , .' ..... ". ,,\I .. ". " ,. .... "" " ...... ,,', .. ,..,' .... to" ... , .• ,. .. " 4., l,Og

iMgS04:1H20 •••••..•••.••.•.. , • • • • . • • • . • • • . • • . . • . . .• S,Og

.. .. .. I; .. " .. .. .. ,. ....... " " ".... • " .. .. .. , ... ;. .. " 10 jj " " " .. 01 • • " .. .. • ~ ., 3,Og

C to ...... " .. • .... " .... -,: 'II .. 1> ;. " ~ , .... '!II .. .. , ...... " .. .. " ...... " ... \I •. " " " 7,Og

NaCl •• " ... " 01 ...... ,t .. ,," .... 1'" Ii .... 0 4 .... "" 01 l,Og

Distilled water .... " t .... .,. jjI •• ,."."." ... ;O •• _ ••• ,',-+ .400ml

J3) ROTA

EDTA • '" •••• , • , ;0 ." ~ •• "" 11 • " ••• ",. ,1 ..... ' .... " •• . 50g

I{OH ... 0,' " 41. ..,., 'I!- iI,' •• t •• ; • " ... " <f" • ""If " " ,. • "Ji " " •• , •• " • 3ig

Distilled water •••••••••••.•••••••••• ,., •••••••••••. lOOOznl

C) IRON

Ii
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Distilled water •.••••••..•.•••••.••..••.•••.....•.••. lOOOml

P)BORON
H3B03 .. <I: ., <I ., ., <I: .. " <I ~ .. 1O:" '" ... <I: " .. .. •• • • .. .. • .. • .. .. " "' . .; <I: 11,42g

Distilled water ", ... "> <I: " '" .... 's •... 0'. ". >I' " '" iii .iI ,S .,. '" .. '•. lOOOml

E) MIC:RONUTIUENTS

ZnS04.1~O ...••.••••.••.•.•..•.•...•... ,......... 8,82g

MftCIZ·4HZO ••••••••.••••••••••••• 1,44g

Mo03 I[ ,,' <I " 'Ii • _. ... 1[," Ii <I: 0) ... <I: ...... <I: ,,_. a,71g

<;;uS04'SHz0 ••.•••••••••..• ,....................... 1,57g

Co(N03)z.6B10 .••••••••••••••••.••.•••.••••••••.• " O,49g

Distilled water ••••..•••••...•...••.• ".............. 10aOml

Culture solutioni-

............. ~ ..... " '. ;0 ....

10m!Stock solution A

Stock solution B ....... ~ _. ~. 1ml

Stock solution C " " .... 11 ......... " ,'" ... ;p ••. ",." ....... '. e' " .... " ..... o. to' • 1mI

Stock·solution. D 1m!
Stock solution E

!!if)
If Iml....... " .. ., '. " " .. <» .......

Distilled water ......... <I: ~ " •• ·... ·It."""" .... 11·",·." 986ml

Knops Soiution. (PH 5.2 ri 6.3)

Ca(l,'f03)2.4HzO •...•••••.•••••..•• '..................... O~8g

..... \ •. '" • " • fl' • to ir 'It , , '" " It " to " " ••• '" •• '" • , " .• O,2g

KIIzPP4 •••••••••••••••••• ''' t". "' ,," "',,"" ",•. , ..

...... " • " " • , .. , ••• It • " ... III 'f 03 , O.2g

Nitsch T~\ceElements ...... " .•.• " • ,... '" " .• " It .• , .... " " , •.•. , • " •. , .... 'I. _ .•. " " bnl
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Ferric Citrate . .. .. .. " .. '. '.- ....... " ...... " • -.... " ...... ."... # ....... " .. 1m!

Distilled water ., •••• , •••• , ••••••••.•.••.••••.•••••••• lOOOml

Knudsons Mnneral Salt S91ution (pH 5.5 ...6.3)

............ " .. ', '-. " 11:.:,- ""_ It .. • O',5g

• ~ .. <II' .. " ,,- .. 0,2515

.... ,,- .' " .. _, ........ ~ " .. " , .. fl. ":. " It..... 0, 125g

~HP04 -0' " .. I', ' Ii' fI' o";t .i .•• ;, .. ".' " ..

Nitsch Trace Elements .. .. • .. .. 'It ~ - ;. " .. .. .. .. ' • 11 _ .' .. .'1 1m!
\\

Ferric citrate ............. f :;, ' ., .: " " .. • :J" .. "." ..... 1m!

Distilled Water •.••••••... ; • , •.••••••••.•.•. , • • . . . . . .• lOOOm!

Modified Mum-'s Soiu~iolllii(P:a 5.8)
\\

Stock Solutions»

.. .. .. .. . .. .. .. .. .. .. " .. " : ..

................ ."" " 51,OgA) MgS04 •••••••.••••••• , .••••

.... -. ' " ,' ," . 12,Og

Distilled water .. " ' ., .' , '" , ., " ••• ., ..... c. ... ,. ...... lOOOml

B) FeCI3.6B10 ..•. • '.',., ........ " ... 'oj .... 01 .... " .... " ...... -..... ,. .- .... 1,7g

Distilled water ...... Of '." .. '" ", 111_ .. .............. " .... ,_ .... ,. . " ...... " " . • 'j;lOOOmi

.. .,' ," ,,' .. -Il' 'f!" -t" f ,',,, 144,Og

Distilled water .. " - , ;,;. .'~ 1000mI

.......... t_ .. '-'1'- .. i .. :•• : ..... 12,Sg

.1: ... ,_ ,. .. _.... " .. " .. '........ , ........ ~... 12,5g

Distilled water .... -It " .. ";,1 OJ .. t ,', <It '" .. " .. •• 1000ml

E) Mycostatin ..••. , •.•••••.••...••••.•.•.• '1000 units"

Distilled water ••..•••••.•. , •..•.•••••.•.•.••.•••. ' • • lOOOmi
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"cut~re solutiom-

StocR solution A lOmI

Stock solution B ill : i.'~ ,. ,. .. " It It 01 D: .. , .~ .~. '. ,. .. f' .. 10m!

Stock solution C 10m!It, ' •...• __ :; _ iI.. ~ '" ,; '" 01 ;; Y ...

Stock solution D 10m!" " .• ;; 't' t, It •.. "' jo. ,. ,. It, , ' ,. ' " ~ ''; It

Stock solution E .. • • • . • • . ••.••••.•..••• .10ml

Distilled water.x, . . • . . • • . . . . . . .c. • • • • '. • • • • • • • • • • • • , • . 950ml

Moores Medium (PH 5.S - 6.5)

•..•.• ' t " '•.::cit· , ... O,Sg.,..... 0' '0 ..

K.H'2P04 ." .It·. ,; , ' ,. ,'·Il ' ' it ~ O,2g

.... " " • t, ", .. ' ,;. '" " ~ .. ;. .. O,2g

.. ~ .. • ,'. .. .. .. .. .• •. .. " .. .. , .. '0 • .. .. • .. G. , .. .. .. .. O.!s-

Nitsch Trllce Elements ....... " "' .... " •.. ,,. •..• *- .••. iii ... " Imt
Ferric Citrate ., " " .0· .... " .. .. ~ .' .f· 'Ii 'to " It , .• " e: •. " " .. , " .. , " " 'to ... .t, " " , O,05g

Distilled 'water ........,.............................. lOOOml.

11 'to ·.. ·If It ... ".,. " II .. , ... ,," to.·11 to, .••• ·to •• , t • 10 .•. to '. 'to 10mg
I)

~. " " oi " ... II " .. " " " " "
1000ml.

O.Sm!

MnS04·4H2,0 ...•. , .•••.••••.••.• 3,Og

O,5g

" • " " " •• If. , " " • " " " .. q " " .. " .. i .. " " • " .. " •• " .. " .... 'i , 1i " .• ~:5g

" ... ~)' ;, ... ,., " ~ " " 0 .. " " .. O,025g"""".·to" .• II' ft,'"

.. ', " •. , .. " 01. " to' iii " ... " .. " 4. " .., .. II> .. O,025g

Disti11~ water •••..••.•••••.•••.•.••..•• , ••.••••••• lOOOml
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Pr!)vJ~ou Enricbment Medium (pH 7.5~ is.G)

Stock solutions: ..

Distilled water •.. •. .. ......... 0" .. " " ......... ., •. <I •..• " .. " " .. ~ .. room!

l3) Nazgylcerophosphate ••• .••.••••• , .•. Sg

:OistiU~ water 100m!

it .. , " ., " ".... " " .. ~ , .. .. .• "." ... "." ., " .. '. .. " ". .. .. _ ... " " " .. or

Distilled water LOOml
D) Thiamine ........ " .. " -. Il\ II." " .,' .;\ SOmg

Distilled water .••.•.•. "...••.•.••..••..••••..•••. , ••• lOOllll

E) Biotin •••••.••••••••..•• ,' .•......••••••••••.• , .... O,5mg

Distilled water ,,_ Ii ... " ".." " t!" .. ",,,,,, 1iI"" ....... , .. " .......... """ .. ,,, .. 100llll

F) Tris Buffer

Fe (as EOTA 1:1 molar)

" 0. " " , .... " " ~ .. .. ~ " .. , " ..... " " .... " .. " " 0; " " , ... 351mg

Distilled water •. " t " .•. " " ·It " " ~ '.

)
t

" • ( .. .. .. .. .. .. .. :lQOmg

. 'j! SOOm!

~,G) PU Ttace"Metals

, ," " "',, " " " ." " " " ..... " .. " ;. " ".<'1 " " " .. " " ., Ii " ..
1,14g

FeC13.6H3Q .

MnS04.4~O

, /
" " " " ~ , " .. " , 'l " .iI t, • t· " " .' " ;"',, " . 49mg

i' "
" .. 1Io·_ ·••• .,« • ." ·.. to " .Ii·.·«,. _ 164mg

....... Ii' ..- to ,. , 22mg

.................... ".,t, ...... 4,Smg

..... " ~ " • " .. 110 , , , ., " , •.•..•. <I 1,Og

Distilled water 1000ml

H) Stock solution A •.••• '................................. 8nU

Stock solution B • • . • • . . • • • . . . . . • . • . • . • • . . • • . . . • . . . • • .• Bml
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Stock solution C ••.•.. .. .. " .. " , " " " ... " .' • • • .' • t " .f • ~ 'f ': ... _, ..~' ~ ~) .. 8ml

Stock solution D -•• ' ''--''0-''

Stock solution E " , Ii , .... ' .... , " 6 " " ',' ... , ...... :, '. '..... , •.• , •.• ' .. ,_ .. " _.-
gml

Distilled water •.• .. , <I _ ...... , ~ .. 'f , o' " .. '.f iI # II .. , "'\ ~....... ", , __f ." .. ,." 1000ml

I) Stock solution H ,.", .. #.,.', " '.- ... '" ,_'"'' '!I .. t, .•. _ .. "" •. " .... t" _, "' ... ' ........ 200m!

Slook solution F ........ -'$'-' " ' ' " .. " " " t. II' '. '" _' oc .. ..• 200ml

Stock solution G .......... c.,,,' ,- ",;, " .. , .. :t_ _ "·f 200nti
Distilled w~ter ,....,.... .... ,.. .. '•. , . . . , . , , . . . . . . . . . .6S0ml

Culture solutiom-

~tocksolution I It· ....... r.".' ........ " ... -11 ....... " •••. to .... " .... ·f .••• 20m!

Distilled water ••.••..••• ••••.•. • ••••.••••••••••• lOOOml

STAINS FOR ElLECTRONMlCROSCOPY

Lead ein-ate

Stock solutionst-

:=~A)Trisodium citrate .... ., ;, .. .. .... ;, ~'. '" II .. .. t· ~ ·t .... ', .. .. .. .. .. • • .. •. • .. .. .•. .• .. 37,7g

Distilled water ...... " , , •. , iI' "', .. 100m!

B) Lead nitrate .. .. ~ .. .. t. ;.. , ••• ' .... ;. .. '" .... " 'iI ... .. ... (," .. ;. ,., • II .. 33,lg

Distilled water .... ill· .• • t-. • .. .. .• ~ .. .. , .. II '" • .. .• .. .. , .. .. .. .. .. .• .. t .. ·, , ·t" .• " • • 100m!
C) IN NaOH •..•.•...••• :, .•. .. ;, f II".' . •..• 49g

Distilled water •.•..••.••••. ••••• .... ;, ..
~, ." -:/

• •.••••.•••.•. '\ 100ml

Final staining solutioni-'

Add in order

Distilled water " , .. III ii ' \0 " 16m}

Solution A
~;)

...... t· .. • .. .. .. .. • .. .. .. • .. ~ .. • iI III ,. t.... .. .. .. .. .. .. .. • • .. 3m!
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Stir well.

Solutign B .• P. '•••••••••••••••• ;' • • • • • • • • • • • • • • • • • • • • • •• 2m!

Stir to homogenise.

Solution C ., .•.••. ,. • . . • • . • • . . . . • • . • • . . . • . • . . . • . • . . . • •• 4nil

Swttl until precipitate dissolves.

Uranyl Acetate

U· j ~ 1lau¥l acetate ..•••.•.• : .•.....•••••.• ,. \\ ~)••• ;. . • . . • • • •• g
(\ t/·· ,
'1'Dolfble distilled wat~t ..••... ' ........• , •.•.•....••.. '~..... SOm!

II
95% _ETOH •.••• J •••••••••••. '" • • • • • • • • • • • • • • . • • • • •• [ml

,f /i
',"", .,

Store in\'\\ dark bottle in the refrigerator.

STAlNS FOR LIGHT MlCJRO§COPY

Deamination FhARd(Jensen, 1962)

60% NaN03 •••••.••••••••••••.••••••••••••.•••••••• '••• 20m!

1% Acetic Acid "'. '-j •.••• *' •.• 10-". <f.,., ....,,".,,. -••. '-'","', ..... ' ...." •. , .... "' .., 60ml

Fast Green

Fast Green FCF •.•••.•.••..•......•.... , . . • . • . . . . . . . • •. O,lg
• p

CJ

Distilled Water , •.......••.•••.••..•.•....••••••••...... lOOtnl

:._"'r

FeuRgetm'sReagent Johansen (1940) (pH 2,2)

Basic fuchsin ..•.•••..••...•..•.•••.•• it •••• ' '. • • • • • .'. • • • •• 0,7 g

~\

Sodium metabisulphate •.••••..•..•.•.•...•• , .• , .••.• , •.•• 3,Sgi'.1

0,151\fHCI. • ..•.••..•• ; ..•....•..•...••......•..••.. 200tnl

\ \

(I
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Place mixture on a magnetic stirrer for two to three hours at room temperature. Decolourise

with 19 activated charcoal by shaking vigorously for one to two minutes. Filter and make up to "

200m! with distilled water. Store in a tightly stoppered !;lottIe. (Solution must be colourless),

~afranjll1l(Johansen. 1940). "

Safranin " 8. II " • 10 ,; •••. '~:lo' •• H,:" ,; ....• ,., •••• ,; .;, '4go
Methyl ceUusol~e •.•••..••...•..• , •.•....•...• , •.....••.• 200m!

• 95 % alcohol ..,................... •••. '. " .,........... lOami \

Distilled water ••••.••• ; ••• " •••••.• lOOml

Sodium acetate .•••.•••.•••••.•...... '. • . . • . . • . . . • . • . •,)\. • . o:g
"Formalin ••••..•..•.•.•..•.••.••.•....•••.•.....•••... Sml

.>~tore in a refrigerator.

SclAiffsReagent

Distilled water .••.. " •....••••.•.•..••.•..••.•.••...••. lOami
"

Basic Fuchsin . '".. I> 0 •. " • '.' .' •• ' <II ••••• , .. II< ;, • ;, • 0 ••• ~ O,5g

Boil the water and allow to. cool to about 70l)C before adding the dye. Dissolve by shaking.

Cool the solution to about 25 I)C and add

Sodium or Potassium metabisulphite ••.•••........••...•.•••• O,5g

,', IN HCI ...•.•.•....•.............•....•.....•.••..••.. lam!
\i i~_-

Plug the ne&k of the flllStc tightly wV1.lcottonwool and allow to stand ovemigln.-Add
"

Decolourising charcoal ......~.............................. Zg
~- .

'a.l1ei~hake well. Allow the solation to stand for thirty minutes before filtering, The colourless

solution should be kept in a tightly stoppered bottle and stored in a ~frjgerator. The solution

may be used over a period of several weeks as long as the solution remains colourless.

II
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\)

Sudan ill (Jensen, i~,962)
Ii. ," .")

Sudan m)s disS01~~in excess in. 10% alcohol. It is kept fo~ one week at 50lr and th~~

filtered before use. Itmay be used. for severa~om~s as long as it is kept in a tightly stoppered ,
" "

bottle to prevent evaporation occurring.

\
"\

Toluidine Blue

\'\

c.,'\

Method used by the Electron Micf(}scopqj Unit, Univ~rsity of the Witwatersrand.

Stock Solutionsr-
"

A) 1% S'6dium Tetraborate •. ~ " •. ,; ·4..••••. ,,. i\.

"
1,Og

• .... j).. . nDistilled water ..••..•••....••.• .•••••••••. ~. . . . . • • . . . • 99ml
1\

0) ,

:8) 1% .Toluidine Blue .•.•••.... , .• " .••.•• "'" •.• , . • • . . . • • . .. 1,Og
~

Stock solution A •..•• , •••.•.••••....••.•.••...••••..•.... ~9ml

C) 1% Pyronin G .•..••.• , •.•.•• , •.••..•••••..••...•.. j. 1,Og

Distilled water '.,.......................... , • • . . . •• • . • ~~U1l

Staining solutionr-

To use for general staining of resin secti~llS for light microscope observations take 1 p<itt

solution B and add 4 pa~ s(»lt!,tionC.
~,

()

\\ .J;.
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